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THE preparation of this volume was undertaken to meet a demand 
that has been growing for some years past for a text-book of 
Physical Science which should connect more intimately than has 
hitherto been usual the scientific aspects of Physics with its modern 
practical applications. The reader must be left to judge how far 
the authors have succeeded in thus combining the outlooks of the 
man of science and the engineer. 

The contents have been selected to meet the requirements of 
various classes of students: those preparing for Intermediate ana 
other examinations of Lonaon and other Universities ; and those 
entering for appointments in the Army, Navy, and Civil Service, 
or offering themselves for examination in Electrical Engineering 
(Grade I.) by the City and Guilds of London Institute. 

The book has been arranged in parts, in accordance with the 
divisions of the subject found convenient in most schools and 
colleges. Part I., Dynamics, comprises the sections of Mechanics 
and Applied Mathematics usually studied, and includes sections 
on motion, statics, and the properties of fluids. Part Il., Heat; 
Part IIL, Light; Part IV., Sound; and Part V., Magnetism and 
Electricity ; deal respectively with the principles of these subjects 
and their applications. 

Complete courses of laboratory work have been provided in 
each Part. Many physical laboratories are equipped with apparatus 
differing in some respects from the instruments here described, 
nevertheless the guidance given will enable intelligent use to be 
made of other forms of apparatus designed for the same or similar 
purposes. 

Attention is directed to the experimental treatment of dynamical 
principles, because its neglect, which is unfortunately common, 
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makes it difficult for a student to secure a thorough and systematic 
knowledge of physical science. The complete course of experi- 
mental work has been devised to meet both the requirements of 
the physicist and of the engineer; in cases where the methods 
of treatment adopted by these differ radically, the teacher or student 
may choose the experiment which best suits his special needs. 

In Part V., the treatment of the Dynamo, Telegraph, and so on, 
is that which follows naturally and logically from the earlier 
theoretical principles explained ; technical considerations of design 
and construction have been omitted as unsuitable in a text-book of 
Physics. 

A large number of worked- out examples have been included to 
assist the student to understand the text and to solve the exercises 
at the ends of the chapters. Many of these exercises have been 
taken, with the permission of the authorities to whom grateful 
acknowledgments are made, from examination papers, the source 
being given in each case. Questions marked L.U. are from 
examination papers of the London University and those with C.G. 
from papers of the City and Guilds of London Institute, | 

Answers have been supplied in the case of numerical exercises, 
but it is too much to hope that these are entirely free from errors. 
The authors will welcome any corrections which readers may send 
to them. ‘ ‘ 

The authors are glad of this opportunity to express their in- 
debtedness to Prof. Sir Richard Gregory and Mr. A. T. Simmons 
for constant assistance and invaluable hints while the book was in 


preparation and passing through the press. 
J . DUNCAN. 


1918. - S. G. STARLING. - 


A few additions have been made to the Text, together with a large 
rumber of exercises. Most of these exercises have been taken from 
Higher School Certificate examination papers, and for permission to 
include these grateful acknowledgment is made to the Joint Matricul- 
ation Board (J.M.B., H.S.C.) and to the Central Welsh Board 
(CWB; HC). 

J. D. 

1931. 8. G. S. 
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PART II 
HEAT 


CHAPTER XXIII 


TEMPERATURE 


Temperature.—On touching in succession two pieces of iron, one 
piece having been exposed for some time in the sun’s rays and the 
other piece shaded from them, it will be noticed 
that the first piece is hotter than the second. 
Our sense of hotness is quite different from the 
sense of touch, which enables us to distinguish 
roughness and smoothness, hardness, etc. Of 
two bodies, the hotter is said to be at a higher 
temperature. Take two bodies, A and B, and 
pl them in contact; if A is at a higher 
temperature, heat will flow from A to B. 

The sense of hotness is not always to be relied 
upon in determining which of two bodies is the 
hotter. If pieces of wood and iron, both at 
the temperature of the room, be touched in 
succession, the iron appears to be colder than 
the wood. Hence the necessity for employing 
an instrument in the determination of tempera- 
tures; such instruments are called thermometers. 

Mercurial thermometers.—In the commonest 
type of thermometer, reliance is placed upon the ee un 
expansion in volume which takes place when and Fahrenheit mercury 

P . ‘ . thermometers. 

mercury is raised in temperature. In Fig. 333 

two mercurial thermometers are shown. These are made by blowing 
a bulb at the lower end of a finebore glass tube ; clean dry mercury is 
introduced and heated to drive out any air. The top end of the tube 
is then sealed so that the contents consist of mercury and vapour of 
mercury. The quantity of mercury is adjusted so that the mercury 
stands some distance up the tube at ordinary temperatures. If the 


C 
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bulb, which contains the greater part of the mercury, is brought 
into contact with’a hot body, the mercury is warmed and expands, 
as is made evident by its level rising in the tube. 

The glass walls of the bulb and tube also expand, but to a much 
smaller extent than the mercury. Elevation ofthe level of the 
mercury is due to the difference in expansion of mercury and glass 
when both are heated through the same range of temperature. 
Mercury has high expansive properties, and arrives quickly at the 
temperature of any body with which it is brought into contact ; 
hence it is a very suitable material for the purpose. 

In manufacturing mercurial thermometers, it is usual 
to blow a small bulb at the top of the stem; this 
minimises the danger of the mercury expanding to an 
extent which would fill the whole tube, when a pressure 
would be exerted which would probably burst the thin- 
walled lower bulb. l 


Expr. 57.—Expansion of water when heated. In Fig. 334 
is shown a small glass flask fitted with a rubber stopper and 
a glass tube; a paper scale is attached to the tube. The 
flask is filled with water, preferably coloured, and the stopper 
is inserted and pushed in so that the water level rises a little 
in the tube. Place the flask in a vessel containing some hot 
water. Note that the water level falls slightly at first owing 

Fig. 334. to the expansion of the glass (which becomes hotter first), 
ie paonag of and then rises steadily as the water in the flask rises in 

; temperature and expands. No further rise in level takes 
place when the temperature of the water in the flask becomes equal to that 
of the water in the vessel.. The action is similar to that in a mercury 
thermometer, the only difference being in the time taken. 


Expr. 58.—Unequal expansion of water and alcohol. Arrange another 
apparatus similar to that used in Expt. 57. The flasks should be equal in 
size, and the bores of the tubes should be equal. Charge the first flask as 
before with water and the other with alcohol, and push the stoppers in 
until the water and alcohol stand at the same height when at the tem- 
perature of the room. Place both flasks in the same vessel of hot water. 
After some time, the levels of the liquids will cease rising and it will be found 
that the final levels differ, showing that water and alcohol do not expand 
to the same extent when heated through the same range of temperature. 


Fixed points and graduation of thermometers.—If the bulb and 
part of the stem containing mercury be immersed in a mixture of 
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clean ice and water, it will be found that the level of the mercury 
remains steady while the ice continues to melt. A mark is made 
on the stem at this level and is called the freezing point. 

If the bulb and part of the stem containing mercury be immersed 
in steam coming from water boiling under standard barometric 
pressure of 760 mm., it will be found that the mercury level again 
remains steady. Another mark is made on the stem at this level 
and is called the boiling point. 

The freezing and boiling points are called the fixed points of the 
thermometer; other temperatures are measured by reference to 
these points. 


In the Centigrade thermometer (Fig. 333) the freezing point is 
marked 0 and the boiling point 100. The Centigrade scale of tem- 
perature is constructed by dividing the stem between the fixed 
points into 100 equal parts or degrees (written 100°). In the Fahren- 
heit thermometer the fixed points are marked 32 and 212 respectively, 
and the stem between these points is divided into 180 degrees. 
These scales may be extended above the boiling point and below 
the freezing point. Temperatures lower than zero on either scale 
are denoted by a negative sign. .Thus —15° C. means 15 Centigrade 
degrees below freezing point, —15° F. means 15 Fahrenheit degrees 
below 0° F., or (15 +32) =47° F. below freezing point. 

The Réaumur scale of temperature is not much used ; in this scale 
the freezing and boiling points are marked 0° and 80° respectively. 
Other boiling points now used in thermometry as 
fixed points are: naphthalene, 218° C.; sulphur, ae 
444-6° C. ; zinc, 928° C. 


PE 2) 100 
Conversion of temperatures.—To avoid risk of 
error in converting from one scale of temperature to 
another, the method used in the following example ms 
should be employed : w 3 


EXAMPLE.—Find the temperature Centigrade corre- 
sponding to 60° F. ; FiG. 335.—Con- 

Sketch two thermometers side by side (Fig. 335); -version of thermo- 
mark these F and C respectively and place the fixed points 
on each, putting corresponding marks opposite each other. Mark the given 
temperature of 60° F. on the F thermometer. Inspection shows that this 
temperature is (60 — 32) =28 Fahrenheit degrees above freezing point. Since 
180 Fahrenheit degrees are equivalent to 100 Centigrade degrees, the number 
of Centigrade degrees equivalent to 28 Fahrenheit degrees is given by 

Centigrade degrees = 28 x } $$ =15'5. 
The given temperature of 60° F. therefore corresponds to 15-5° 0. 
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Expr. 59,—Freezing point error of a thermometer. Arrange a funnel and 
beaker on a retort stand (Fig. 336). Remove some shavings from a block 
of ice and put them into the funnel. Insert the thermometer to be tested, 
and pack the ice closely round the bulb and stem up to the level of the 
freezing point graduation. Bring the eye to the level of the top of the 
mercury column, and take readings at intervals. Note the final steady 
reading ; this may be taken as the true freezing point. The freezing point 
error of the thermometer is the difference between the final steady reading 
and 0° or 32°, according as the instrument is graduated in Centigrade or 


FIG. 336.—Apparatus for determining the Fig. 337.—Apparatus for determining the 
freezing point of a thermometer. boiling point of a thermometer. 


Fahrenheit degrees. The correction to be applied is equal to this difference, 
+ or — according as the observed temperature is lower or higher than the 
graduation mark at the fixed point. 

In carrying out this experiment, it should be noted that the temperature, 
as shown by the thermometer, remains steady-during the whole time that 
the ice is melting. 


Expr. 60.—Boiling point error of a thermometer. In Fig. 337 is shown 
a small copper boiler having a double copper tube attached to the cover. . 
The thermometer used in Expt. 59 is placed in the inner tube after having 
been pushed through a cork which fits a hole in the top cover. The water 
is brought to boiling, and the steam passes up the inner tube, thus sur- 
rounding the thermometer, then down the outer tube, and is discharged 
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at the bottom. The object is to steam-jacket the inner tube containing 
the thermometer, and to ensure that this tube shall be at the same tem- 
perature as the steam. A small glass U gauge contains water, and is con- 
nected to the outer tube ; when the water stands at the same level in both 
` limbs of the gauge, evidence is provided that the pressure of the steam is 
equal to that of the atmosphere. The apparatus is called a hypsometer. 

The thermometer should be arranged so that the boiling point graduation 
is Just above the level of the cork. If the thermometer has a long stem, 
this condition cannot always be complied with, since the bulb of the ther- 
mometer must be situated well above the surface of the boiling water in 
_order to prevent drops of water being thrown on to it. 

After the water has been giving off steam freely during a few minutes, 
take readings of the thermometer. Read also the barometer. The tem- 
perature of steam coming from boiling water depends on the pressure, 
which in this case is equal to that of the atmosphere as shown by the 
barometer. By consulting the table on p. 533, the temperature of 
steam at this pressure will be found, and the boiling point error of 
the thermometer is equal to the difference between the observed 
boiling temperature and that shown in the table. The correction to be 
applied to the thermometer is equal to this difference, + or — according 
as the observed temperature is lower or higher than the correct temperature. 

If the same thermometer be immediately retested for the freezing point 
error, it will be found probably that this error has altered somewhat. 
_ This is owing to the glass bulb and stem, which have expanded considerably 
_ during the boiling-point test, failing to return to the original volume. The 
initial volume will be recovered if sufficient time be given, some months 
probably. Hard glass is less liable to this effect than soft glass. 

The hypsometer is sometimes used instead of the barometer for ascer- 
taining the pressure of the atmosphere. The apparatus is set up at the 
required place (e.g. up a mountain), the temperature of the steam is 
’ observed, and the table (p. 533) gives the pressure of the atmosphere. 


Expt. 61.—Graduation errors of a thermometer. Assuming that the 
thermometer stem has been graduated by marking the freezing and boiling 
points, and then dividing the distance between these marks into the required 
number of equal parts, and also that the expansion of mercury is propor- 
tional to the rise in temperature throughout the range of the thermometer, 
it follows that the effect of any variation in the bure of the stem will cause 
incorrect indications of temperature to occur at different parts of the 
scale. 

If a standard thermometer is available, for which the graduation errors 
are known, the thermometer under test may be examined for graduation 
ertars by comparison. Suspend both thermometers with their bulbs 
immersed in a beaker containing water. Gradually raise the temperature 
of the water, and take simultaneous readings of the thermometers at 
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intervals of, say, 10°, being careful to stir the water well before taking the 
readings. Note these readings thus : 


Standard thermometer. Thermometer under test. 
Observed temp. True temp. Observed temp. Correction. 


Columns 1 and 3 are filled in from the observations; column 2 from 
the known errors of the standard thermometer; column 4, obtained by 
taking the differences of columns 2 and 3, shows the corrections to be 
applied to the thermometer under test at various parts of the scale. Draw 
a correction curve by plotting columns 3 and 4. 


Expt. 62.—vVariations in the bore of a thermometer stem. Detach a 
thread of mercury having a length of about 10 scale divisions of the stem. 
This may be done by directing a small sharp-pointed flame at the place 
where the break in the mercury thread is required. By inverting the 
thermometer the detached thread may ke brought to any part of the 
stem. If the bore is uniform, then the detached thread will have equal 
lengths at all parts of the stem. 

Assuming that a Centigrade thermometer is being tested, shake the 
thermometer until the detached thread occupies approximately the space 
lying between 0° and 10°; read the length of the thread in stem scale 
divisions. Repeat the operation in the spaces lying between 10° and 20°, 
20° and 30°, etc., throughout the range of the scales Let the thread 
lengths be dı, az a3, etc. The mean thread length A is given by 

_ Qi+ta +a; +ete. 
~ number of readings’ 

Assuming meanwhile that both freezing and boiling point corrections are 
zero, the corrections C at other parts of the scale may be obtained in the 
manner indicated in the following table : 


Range. Values of Values of C. 
% Temp. Corrections. 
ee o 0° CeO 
eo | a | | Sith. 
30° g D 30° En =A a +Ü 
30 = 40 40° Co =A -a4 +C 
90° sts 100° 100° ox 20 ... 
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Plos temperatures and values of C. To obtain a complete correction 
curve, plot un the same diagram the known freezing and boiling point 
corrections, first reversing their signs, and join these points by a straight 
line. The intercepts between this line and the graph give the true cor- 
rections for any part of the scale. 


Proportions of a thermometer.—The volume of the bulb required 
for a thermometer depends upon the length of stem considered to 
be suitable for the range of temperature intended to be measured, 
upon the bore of the stem, and upon the kind of fluid to be employed 
in the thermometer. The volume of fluid which would fill the stem 
between the marks placed at the extreme temperatures to be 
measured, represents the increase in volume of the fluid in the bulb 
when heated through this range in temperature. The change in 
volume of one cubic centimetre of the fluid when heated through 
this range being known, a simple calculation gives the volume of 
bulb necessary to provide the required expansion. 


Types of thermometers.— Alcohol is sometimes used in thermometers 
instead of mercury. Mercury solidifies at —39° C. and alcohol at 
—130° C.; hence an alcohol thermometer may be used for much ` 
lower temperatures than is possible with a mercurial thermometer. 
Alcohol expands more than mercury for a given rise in temperature ; 
hence the alcohol thermometer is more sensitive than the mercurial 
thermometer. Alcohol wets glass, and the thread of alcohol has 
therefore no tendency to stick in the stem. Mercury does not wet 
glass and is apt to move with jerky action. Alcohol boils at 78° C. 
approximately, and is not suitable for temperatures above 50° or 60° C. 
For the same reason, the upper fixed point cannot be found in the 
manner described on p. 315, and the stem of an alcohol thermometer 
must be graduated by comparison with a standard thermometer. 


95 100 105 110 
Fic. 338.—A clinical thermometer. 


Clinical thermometers are specially adapted for measuring the tem- 
perature of the human body. The body of a person in health varies 
only slightly from 98-4" F., and the stem of a clinical thermometer 
is graduated from about 95° to 110° F. The bulb of the instrument 
is placed in the mouth or under the armpit of the patient for a 
minute or two, and then withdrawn in order that the temperature 
may be read. There is a constriction in the stem near the bulb 
(Fig. 338) which prevents the mercury returning to the bulb; hence 
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the reading may be taken at leisure. The broken thread 
of mercury is then reunited by jerking the instrument 
so as to drive the mercury downwards. 

Maximum and minimum thermometers register the highest 
and lowest temperatures occurring during the interval 
elapsing between successive settings of the instrument. 
In Six’s thermometer (Fig. 339) a 
long bulb~A is filled with alcohol 
and is connected to another bulb 
D by a bent tube; the bulb 
D also contains alcohol, which, 
however, does not fill the bulb 
completely, a space being left for 
expansion. The tube between B 
and C contains mercury, which 
separates the alcohol in the tube 
between A and B from the alcohol 
in the tube between D and C. 
The positions of the ends of the 
mercury thread at B and C are 
indicated by small steel indexes 
having light springs to prevent 
slipping due to their weights, but 
not strong enough to prevent the 
indexes being pushed along the 
tubes by the mercury thread. 
Change of volume of the alcohol 
in the bulb A will cause move- 
ments of the mercury thread. 
The minimum temperature occur- 
ring will be indicated by the 
position of the index controlled 
by B; the maximum temperature 

Hid, $00— Maximum and - is shown By tee quuce DG A 

small magnet applied to the 
outside of the tube enables the indexes to be reset in 
contact with the mercury. 

Sensitive thermometers are used for measuring small 
differences in temperature in cases where the change in 
temperature is important, and a knowledge of the actual 
temperature is not required. An example is shown in 
Fig. 340. The short stem is graduated to show a few 
degrees only, and each degree is subdivided into tenths. 
Tke top of the tube is bent over so as to form a chamber F16. 340.— 


< c 6 Sensitive 
into which some of the mercury may be shaken ; sufficient thermometer. 
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mercury is left in the bulb to enable the lower temperature to be 
read, the level being then near the foot of the scale. The higher 
temperature is then read, and the difference in the readings gives the 
required difference in temperature. The advantage of this plan 
consists in greater sensitiveness being obtained without the necessity 
of employing a very long stem, which would be broken easily. 
Precautions to be observed in using thermometers.—Do not attemp 
to force the thin-walled bulbs through corks. A thermometer may 
be injured if subjected suddenly to great changes in temperature. 
No thermometer should be employed where there is risk of its being 
exposed to temperatures higher than that to à 
which it is graduated, otherwise the bulb may 
be burst by the pressure of the expanding 
mercury.. The bulb should not be subjected to 
fluid pressure much in excess of that of the 
atmosphere ; there is risk of collapse. Even 
if collapse does not occur, the diminution of 
volume of the bulb caused by the external 
pressure leads to false readings of temperature. 
In Fig. 341 is shown a means of obtaining the 
temperature of steam in a pipe or other closed 
vessel. A metal cup closed at the inner end is 
screwed into the pipe and is charged with oil or 
mercury which comes quickly to the tempera- 
ture of the steam. A thermometer inserted in 
the cup will indicate the required temperature. 
Differences in temperature at two parts of a 
‘metal pipe may be obtained by securing two 
thermometers with their stems lying along the Fic. 341.—-Temperature 
$ ; . in a steam pipe. 
pipe; flannel is then wrapped round the pipe 
over the bulbs. Both thermometers will then be under like condi- 
tions, and the difference in their readings may be taken as the 
difference in temperature of the contents óf the pipe at the two 
places. 


Measurement of high temperatures.—Under ordinary atmospheric 
pressure, mercury boils at 357° C. ; hence ordinary mercurial ther- 
mometers can be used only fot temperatures somewhat lower than 
this. High temperatures may be stated sometimes with sufficient 
accuracy by reference to the known melting temperatures of certain 
substances. Thus we may say that the temperature of a body is 
about that of melting lead (320° C.) if the temperature be such that 
a small piece of. lead in contact with the body just melts. Naphtha- 
lene, sulphur and tin may be used in this way. The method has 
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been employed for rough determinations of the temperature of 
furnaces. Substances used in this way are called thermoscopes. 

The temperature of a flue or furnace may be estimated by inserting 
a piece of platinum, copper, or other substance, allowing it to remain 
for some time so as to come to the temperature of the furnace, then 
removing and plunging it into water. The calculations involved in 
this method will be found in Chapter XXVI. 

The electrical resistance of platinum wire varies regularly with the 
temperature of the wire. This fact enables high temperatures to be 
measured by observation of the electrical resistance of a platinum 
wire exposed to the hot gas or liquid. Instruments used for measur- 
ing high temperatures are called pyrometers. In thermo-couple pyro- 
meters advantage is taken of the varying strength of electric current 
set up in a circuit consisting of two dissimilar metals, such as 
platinum and iridium, in contact with one another, when the 
junctions are at different temperatures. Optical pyrometers are 
also used in modern metallurgical operations. 


EXERCISES ON CHAPTER XXIII. 


1. Describe, with sketches, the construction of an ordinary mercurial 
thermometer. 

2. A small spherical glass vessel having a fine stem contains cold water 
which stands about half-way up the stem. If the bulb is plunged into 
hot water, state what will happen to the water level in the stem; give a 
fuil explanation. 

3. Define the terms (a) freezing point, (b) boiling point of a thermometer. 
What is meant by the scale of temperature of a mercury thermometer ? 

4. Convert the following temperatures: (a) 140°C. to F.; (b) -5°C. 
to F.; (c) -—273° C. to F. ; 

5. Convert the following temperatures: (a) 100° F. to C.; (b) 10°F. 
to C.; (c) -60° F. to C. 

6. There is a certain temperature which has the same reading on both 
the Centigrade and Fahrenheit thermometers. Find this temperature. 

_ 7, Give sketches of the apparatus required, and explain how to deter- 
mine the freezing point error of a thermometer. 

8. Answer Question 7 for the boiling point error of a thermometer. 

9. In testing the boiling point error of a Fahrenheit thermometer, the 
observed reading was 211-6 degrees. The barometer at the same time 
reads 76:2 cm. of mercury. Find the boiling point error. (Sece the table, 
p. 533, for any quantities required.) 

10. What precautions should be observed in using a mercury-in-gl 
thermometer ? ate A 2a aN 
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1l. What is meant by a thermoscope ? Give some examples of sub- 
stances which may be used as thermoscopes. 


12. An accurate Centigrade thermometer registers 15-5°, while a faulty 
Fahrenheit thermometer, hanging beside it, registers 61:5°; what is the 
correction to be applied to this latter reading ? Sen. Cam. Loc. 


13. Explain what is meant by a scale of temperature. What properties 
would guide you in the selection of a liquid for use in a thermometer ? 
What would determine the dimensions you would give to the parts of 
the thermometer ? 


14. Describe and give a sketch of a sensitive mercurial thermometer. 
Describe how to graduate such a thermometer with a Centigrade scale. 


15. Describe, with reference to a sketch, the construction of a maximum 
and minimum thermometer. 


16. You are supplied with a thermometer and its corrections at freezing 
point and boiling point. Describe how to obtain the corrections at 
other parts of the scale, and how to plot a complete correction graph. 


17. A Fahrenheit and a Centigrade thermometer, hanging side by side, 
indicate 110° and 45° respectively. Describe how you would find out 
which thermometer was wrong, and what was wrong with it. 


CHAPTER XXIV 


EXPANSION OF SOLIDS 


Expansion.—Most substances expand when the temperature is 
raised, and contract when cooled. Numerous practical examples 
may be cited. Wheel tyres of iron are made a little smaller in 
diameter than the wooden wheel; expansion occurs when the tyre 
is heated, and it may then be slipped on to the wheel ; the wheel is 
then submerged in water, and the contraction of the cooling tyre 
binds the whole firmly together. Steam pipes become longer when 
steam enters them, as may be demonstrated by the following experi- 
ment : 


Expr. 63.—Expansion of a steam pipe. A small boiler A (Fig. 342) is 
connected by rubber tubing B to a copper tube C. This tube is about 


Fie. 342.—Apparatus for showing the expansion of a metal tube. 


3 feet long and is plugged at both ends. Branches are soldered near each 
end on opposite sides of the tube; the steam enters the tube through B 
and is discharged freely through K. Brass plates D and F are soldered to 
the ends of the tube. D rests on a block and is held: down by a weight E ; 
F rests on a small roller made from a portion of a steel knitting needle. 
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The roller is supported by a brass plate H, which is fixed to a block G; a 
light pointer J is attached to the roller and travels over a graduated scale. 
On permitting steam to flow through the pipe, expansion takes place and 
will be evidenced by the pointer moving over the scale. 

Expr. 64,—Unequal expansion of metals. Take two flat bars of equal 
size, say 12 inches by 0-75 inch by 0-125 inch, one of iron and the other of 
copper, and rivet them together, flat to flat. The composite bar so formed 
should be straightened at the temperature of the room. On heating the 
bar it will be found to have become bent in the process, the copper being 
on the convex side, showing that copper expands more than iron when 
both are heated through the same range of temperature. 


Coefficient of linear expansion.—The coefficient of linear expansion of a 
substance may be defined as the increase in length which a bar of unit 
length undergoes when its temperature is raised through one degree. 

Let a=the coefficient of linear expansion. 

L=the original length of the bar. 
t=the elevation of temperature. 

Assuming that the expansion per degree is uniform throughout 
the range of temperature, w have 

Increase in a bar of unit length = at. 
Increase in a bar of length L= Lat. 
Final length of the bar=L + Lat 
ee LS MO teed ERE (1) 


COEFFICIENTS OF LINEAR EXPANSION.* 
(per degree Cent. at ordinary atmospheric temperatures). 


Material. ‘ a. Material. a. 
Lead - 27-6x10-& || Nickel - 12-8 x 10-6 


Aluminium 25:5 Mild steel 

Tin - - 21-4 Cast iron - 

Brass - 18-9 Platinum - 

Gunmetal - 18-1- Glass - 

Copper. - 16-7 Masonry - 

Nickel steel, \ 13-0 Timber - 

10 per cent. Ni. Nickel steel, 
(Invar) 

36 per cent. Ni. 


Zinc - - ZEON Wrought iron } | 


*See Physical and Chemical Constants, by Kaye and Laby (Longmans). 


f 
/ 
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Coefficient of superficial expansion.—This coefficient may be defined 
as the increase in area which a plate of unit area undergoes when its 
temperature is raised through one degree. 

Consider a square plate having edges of unit length. Using the 
same symbols as before, we have 

Final length of each edge =1 + at, 
Final area of the plate =(1 + at)? 
=] +2at + al. | 
Now ais always very small ; hence the term containing the square 
of a may be neglected, giving 
Final area of the plate =1 + 2at ; 
*, Change in area of the plate =(1+2at) -1 
= Dah.) sl cen oe: (2) 


_ Hence we may infer that the numerical value of the coefficient of 
superficial expansion for a given substance is double that of the 
coefficient of linear expansion for the same substance. 

Coefficient of cubical expansion.—The coefficient of cubical expansion 
of a substance is the increase in volume which unit volume undergoes 
when the temperature is raised through one degree. 

Consider a cube of unit edge, and use symbols as before. 

Final length of each edge =1 + at. 
Final volume of the cube =(1 + at)? 
=] +3at + 3a + aft. 
Neglect the Ta containing the square and cube of a, giving 
inal volume of the cube =1+3at ; 
*, Change in volume of the cube = (1 + 3at)— 1 
a SOIL, a RMAs ear spuens (3) 


Hence the coefficient of cubical expansion is three times the 
coefficient of linear expansion of the same substance. 


Expr. 65,—Coefiicient of linear expansion of metal rods. The modification 
of an apparatus designed originally by Weedon and illustrated in Fig. 343 
has been found to give good results. A is a double copper trough having 
the space between the outer and inner boxes packed with asbestos. A 
large hole is cut in each end of the inner box, and circular discs B, B, + 
made of thin copper slightly corrugated, are soldered over the holes. A 
smaller hole, coaxial with the large one, is cut in each end of the outer 
box. C is the rod under test, and is made of such a length as to require 
a little pressure to get it into position, when its ends bear against the 
centres of the corrugated discs B, B. Two metal stools D, D assist in 
supporting the rod. Any expansion in the rod will push the discs out- 
wards. The disc at the left-hand end bears against a fixed stop E, made 
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of glass rod. The expansion of the rod C is measured at the right-hand 
end by means of a micrometer F, having a glass rod G fixed to its point and 
bearing against the corrugated disc when the micrometer is advanced. 

The trough is supported on two rods, and arrangements are provided 
which enable it to slide easily. The trough is pushed towards the left by 
means of a spring, and thus the left-hand corrugated disc is kept bearing 
firmly against the fixed stop E. 

The tank is filled with cold water up to the level of an overflow outlet 
M. The temperature of the water is taken by means of three thermometers 
T, T, T; steam for heating the water is supplied through a copper pipe U, 
which is fitted with a stop valve. 


ii SR ae == Pe il 
[—e Tite — | 


Fig. 343.—Apparatus for determining the coefficient of expansion of rods. 


Rods of iron, steel, copper, brass, etc., are supplied. Select one and 
measure its length as accurately as possible. Place it in position in the 
trough, having first screwed the micrometer out of contact with the disc. 
Reduce the temperature of the water to 0° C. by adding ice shavings until 
some remain unmelted, or melt very slowly. Advance the micrometer 
until contact with the disc is obtained, and take the reading ; read also 
the three thermometers, and take the mean as the temperature of the 
water. Screw back the micrometer (care must always be taken to do this 
before raising the temperature of the bath). Admit steam and raise the 
temperature to about 10° C. ; stir the water, and take the micrometer and 
thermometer readings as betore. Repeat this operation for every 10° up 
to 100°C. Tabulate the readings as follows : ; 


EXPT. ON THE LINEAR EXPANSION OF A (name of material) RoD. 
Length of rod=L mm. 


Expansion from 0°C, 


| 
Micrometer reading. 
mm., mm. 
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Plot columns l and 3. A straight-line graph indicates uniform expansion 
and constant value of the coefficient of expansion. Select a point on the 
graph, and read the temperature ¢ and the expansion / for this point. 
Calculate the coefficient of expansion a from : 

. Expansion =} =Lat ; 


5 t= 


Li 


Compensated pendulums.—The time of vibration of a simple pen- 
dulum is given by t=2rv/I/g (p. 224), and it is essential that J should 
not alter in any pendulum, otherwise the clock 
under its control will lose or gain time. Ifa- 
simple metal rod is used for supporting the 
pendulum bob, variations in temperature will 
cause the pendulum to become longer or shorter. 
For this reason the pendulum rod is sometimes 
made of wood, which expands but little when 
the temperature is raised. There are several 
methods of compensating the pendulum rod 
for change in temperature, probably the best 
known being Harrison’s gridiron pendulum, shown 
in outline in Fig. 344. The pendulum is sus- 
pended at A, and the bob B is supported by 
five iron rods C}, Cy, Cz, and four brass rods 
D,,D,. These rods are attached to cross bars 
in such a way that the expansion of all the 
iron rods tends to lower the bob, and the 

Fic. 344.—Harrison’s expansion of all the brass rods tends to raise 
gridiron pendulum. 
the bob. 

The coefficient of linear expansion of brass is about 1-5 times that 
of iron; hence two rods, one of brass and one of iron, will expand . 
equal amounts for the same rise in temperature if the brass rod has 
a length of rds that of the iron rod. Referring to Fig. 344 the 
downward movement of the bob is equal to the expansion of three 
iron rods, and upward movement is equal to the expansion of 
two brass rods, and the total lengths of iron and brass bear an 
approximate ratio of 3 to 2. Hence the length of the pendulum 
remains practically constant. 


In the Graham compensated pendulum (Fig. 345) an iron rod is 
suspended at its upper end, and has a closed cast-iron vessel 
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attached to its lower end and containing mercury. Expansion of 
the rod lowers the cup, and hence the centre of gravity of the 
whole pendulum. Expansion of the mercury takes 
place upwards in the cup, and hence raises the 
centre of gravity of the pendulum. By suitably 
adjusting the quantity of mercury, the centre of 
gravity of the pendulum will remain at a constant 
distance from the point of suspension. 

In chronometer escapements, the vibrating balance 
wheel which controls the instrument is compensated 
for expansion due to changes of temperature. The 
arrangement is illustrated in Fig. 346. Each spoke 
supports a separate portion of the rim of the wheel ; 
expansion of these spokes will cause the points A 
to recede from the centre of the wheel. The seg- 
ments of the rim are constructed of two strips of 
different metal, that having the higher coefficient 
of linear expansion being placed on the outer 
circumference. Expansion will therefore cause the Fre. 845.— Graham's 
segments to take a smaller radius of curvature, and 9 ™°rcur#! Pendulum. 
will diminish the radius at which the small loads B revolve. When 
in proper adjustment, the effect of the expansion of the spokes in 
increasing the radius is nullified by the expansion of the rim segments. 


I e — ion loops for 
FIG. A age a. of a FIG. 347 ea hee on loop 

Expansion of pipes and rails.—In the case of long metal pipes for 
conveying gas, increase in length due to alterations in atmospheric 
temperature may be provided for by making a loop, or circle at 
intervals in the pipe (Fig. 347). The elasticity of the metal permits 
the loop to bend easily, and thus to take up the expansion of the 
straight portions of the pipe. i 

In long steam pipes which are liable to contain water due to the 
condensation of some of the steam, a better plan is to cut the pipe 
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and introduce a stuffing box and gland. In Fig. 348 one portion of 
the pipe has an enlarged part in which the other portion of the pipe 
may slide. There is a stuffing box 
packed with asbestos, or other material 
which is squeezed in by means of a 
land, and thus prevents leakage of 
‘steam. 
. On railways the separate portions of 
Fic. 348.—Expansion joint fora rail do not butt closely end to end, but 
steam pipe. > ni 5 
are laid with ‘a small interval between 
so as to permit of expansion (Fig. 349). The joint is made by 
means of two fish-plates, A, A, one on each side of the rails, and four 
bolts. The holes in the rail are slotted as shown on the right-hand 
rail so that the bolts will not interfere with the rail sliding between 
the fish-plates. The fish-plates bear on the top and bottom of the 
rails, as shown in the section, thus preserving level the top surface 
on which the wheels run. 
Lines of rail on which electric tramways run are used for electrical 
conductors and are generally welded end to end, thus forming a 


Fig. 349.—Expansion joint for rails, 


continuous rail. Such a procedure is rendered possible by the fact 
that only the top surface of the rail is exposed to atmospheric altera- 
tions in temperature. The bulk of the rail is underground, and its 
temperature varies to a comparatively small extent. | 


Stresses produced by change in temperature.—Suppose an elastic 
rod having a length L to be raised in temperature t° C., and that 
free expansion is permitted. The rod will extend by an amount 
Lat, where a is the coefficient of linear expansion. Let the ends of 
the hot rod be held rigidly, and let the rod be cooled again to the 
initial temperature. It is evident that the forces required to hold 
the rod extended will have the same value as those required to 
produce an extension Lat at constant temperature. 


Let : P=the pull required. 
A=the cross-sectional area of the rod. 
E = Young’s modulus. 
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P ; 
Then stress = x and strain= = = cat, 
stress P 
E=—___ = —_, cio 
— strain Agt cP 198), 
or C EAU E eo, oe nee A (1) 


Supposing the rod to be heated and at the same time held rigidly 
between abutments which prevent entirely any change in length. 
‘These conditions may be imagined to take place as follows: first 
allow the bar to expand freely on heating; then, mai. taining con- 
stant the temperature, apply forces to the ends, and let these be 
sufficient to compress the bar back to its original length. 


_ Length of bar before applying the forces = L (1 + at). 
Change in length produced by P= Lat. 


Es Lat 
St te 
PL (Dia) 
ee 
oes ry 
; stress P/1+at\. 
Now E-n al at J; 
EAat 
a Ra oe a Enon elt ie Aa E 2 
nE l +at (2) 


EXERCISES ON CHAPTER XXIV. 


(Values of the coefficients of expansion required in the following questions 
are to be taken from the Table on p. 325.) _ 


l. Give any two examples you may have noticed of the expansion of 
metals, and explain, with sketches, how the effects of the expansion were 
eliminated. an 


S 
2. A bridge constructed of mild steel is 250 fcet in length. If the 
temperature ranges from -10 to 45 deg. Cent., find the alteration in the 
length of the bridge. a E 


3. The following record relates to an experiment made in the apparatus 
described in Expt. 65 (p. 326).- The rod was of mild steel 20 inches in 
length. ie Fak 


| Temp. C. - | 10-2 | 25-0) 35.0 | 7:0 |575| 65-0 | 75:5 | 85:5 100 
pikaso: tasikieat 


| ie 


Plot a graph showing temperatures and micrometer readings. Choose 


Micrometer | | | : | 
reading, ahaa st. 0-160 0-1612 
| 


inches 
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two points on the graph, and from the readings at these points deduce the 
average value of the coefficient of linear expansion of the rod. 


4. The pendulum rod of a clock is made of wrought iron and the pen- 
dulum swings once per second. If the range in temperature is 30 deg. 
Cent., find the alteration in length of the pendulum. 


5. Calculate the length of a brass rod which will expand in length to 
the same extent as an iron rod 3 metres in length when both are heated 
through the same range of temperature. 


6. A sheet of lead has an area of 12 square feet at 15°C. Find the 
area when the temperature is raised to 30° C. 


7. A circular flat sheet of thin wrought iron is coated thickly with tin 
on one side only, and is then heated. Describe and explain any -ffect 
which may be observed. 


8. A tape used for measuring distances is made of steel and is correct 
at the temperature of 15°C. If the tape is used for measuring a distance 
of 2000 feet when the temperature is 10° C., what will be the total error 
on the measured distance due to the expansion of the tape ? 


9. A tube made of thin aluminium has a mean diameter of 40 cm. at 
15°C. Find the mean diameter when the temperature is raised to 100° C. 


10. Platinum wire can be fused into glass without the glass cracking, 
or the wire becoming loose during cooling and subsequent changes in 
temperature. Explain why this is possible. 


11. A rod of iron, 12 feet long and 1 inch in diameter, is heated from 
15° to 165°C. The rod is held forcibly at its new length and is cooled 
again to 15°C. Find the pull in the rod. Take E =30 x 10° 1b. per square 
inch. . 


12. Using the same rod and temperatures as in Question 11, the rod is 
prevented from expanding in length during heating. Find the push exerted 
by the rod when the temperature of 165° C. is reached. pis 


13. A ball of cast iron has a volume of 120 cubic inches at 20°C. Find 
the change in volume when the temperature is raised to 110° C. 

14. Describe and give sketches of any apparatus you have used for 
finding the coefficient of linear expansion of a metal. Show how the 
results would be calculated. 


15, Discuss the effect of change of temperature on the rate of a watch, 
and explain how this may be compensated. 

A brass pendulum beats seconds exactly at 10°C. If its linear coefficient 
of expansion is 0-000018 per deg. C., find how much it loses or gains in a 
day when its temperature is 25° C. C.W.B., H.C. 


16. What is meant by the terms stress, strain, and modulus of elasticity ? 
Describe an experimenta] method of determining Young’s modulus for 
steel in the form of a long thin wire. 

A steel wire 2 mm. in diameter is just stretched between two fixed points 
at a temperature of 20°C. Determine its tension when the temperature 
falls to 10° C. (Coefficient of linear expansion of steel=0-000011. Young’s 
modulus for steel =2-1 x 1012 dynes per sq. cm.) C.W.B., H.C. 


. 


T 


thus: 


CHAPTER XXV 


EXPANSION OF SOLIDS AND LIQUIDS 


Change of density caused by expansion.—During expansion the 
mass of a given body remains constant and the volume increases. 
Hence the density, i.e. the mass per unit volume, diminishes. The 
following applies more particularly to solids and liquids ; applications 
to gases will be found in Chapters XXX. and XXXI. ó 

Let d, =the density of a substance at a given temperature, 

grams per c.c. 
dą=the density when the temperature is raised through 
t degrees C. 
B =the coefficient of cubical expansion. 
Then, taking an initial volume of v, cubic centimetres, 
Volume occupied at the higher temperature =v, =% (1 + £t). 
_ Mass of the body at the higher temperature = vd, = vd; ; 
<. (1+ 6t)d,=d,, 


a Nie Ral (1) 

1+ ft 
If d, and 8 are known, the density at the higher temperature may 
be calculated from this equation. Equation (1) may be written © 


h 
1 biti 


p=($-1)5. Oa, ae are (2) 


This result indicates that the value of B may be found by deter- 
mining the densities of the substance at two different temperatures. 
The method is specially applicable to liquids. 

Expansion of a vessel.— When a vessel containing a liquid is heated, 
both vessel and liquid expand. The observed or apparent change 
of volume of the liquid is the difference between the actual change 


in volume of the liquid and the change in volume of the vessel. If 
D.8.P. Y | 


334 HEAT CHAP. 


these happened to be equal, no change in volume of the liquid would 
be observed. 

Suppose that a vessel of thin glass is used, and that the coefficient 
of cubical expansion of the glass is G. Imagine the vessel to contain 
a piece of glass which fills it completely, so that the outer shell, 
which constitutes the vessel, fits closely at all places.” If the volume 
of this piece of glass is v, and if the temperature is raised through 
- t degrees, tue volume becomes (1 +Gé). 

As the piece of glass and the vessel form practically one piece of 
glass, it is clear that the shell will still fit closely at the higher tem- 
perature, č.e. the expansion of the piece of glass contained in the 
vessel is the same as the expansion of the volume contained by the 
empty shell. Hence 


Change in volume of the vessel = Gf. ..........::.seee0e (1). 


The coefficient of apparent cubical expansion of a liquid is the 
coefficient of the expansion of the liquid relative to the vessel. The 
coefficient of absolute expansion of the liquid 
refers to the expansion of the liquid which 
would be observed if the liquid were con- 
tained in a vessel incapable of expansion. 

Relation of the apparent and absolute 
coefficients of expansion.—In Fig. 350 
volumes are plotted as ordinates and tem- 
1 peratures as abscissae. Let a glass vessel 
‘Ok---f2-->'1E Temp. full of liquid havea volume ù at 0° C. 

Fic. 350.—Apparent and The volume of the liquid at any ‘other 

He, 3 temperature £ is represented by the ordi- 
nate EB, and the volume of the vessel at the same temperature by 
the ordinate EC. The apparent change in volume of the liquid is 
the difference of these ordinates, viz. BC. Draw the horizontal line 
AD ; then DB is the absolute expansion of the liquid; and DC is the 
- absolute expansion of the vessel. 

Let Ba=the coefficient of absolute expansion of the liquid. 
P =the coefficient of apparent expansion of the liquid. 
G=the coefficient of absolute expansion of the glass. 
Then Volume of liquid =BE =v,(1+ fat). 
Volume of vessel =CE =, (1 +Gt). 
Difference in these volumes =», (1 + Bat) — v, (1 +G¢) 


=0,t (Ba —G). totes sue dian EE A em et 


Vol. 


xxv EXPANSION OF LIQUIDS 333 
Oop ti AA a R 

The same difference may be expressed by employing the coefficient 
of apparent expansion ; thus : 


Difference in volumes = 0,{t..........00:-ssscceessees EEA) 
<. 0 Pt=,t(Bu -G), 
P B=Ba- 3 
or Be O EEE E (3) 


Hence the coefficient of absolute expansion of the vessel is the 
difference between the coefficients of absolute and apparent expansion 
of the contained liquid. 


: oe, of absolute expansion by balancing two columns of 
quid. 
in Fig. 351. A bent tube having both limbs open 
to the atmosphere contains the liquid under test. 
Jackets round the tubes (not shown in Fig. 351) 
provide the means of preserving the temperature 
of the column AC at ¢,, and for maintaining BD 
at a higher temperature ¢,. A and B are sections 
at the same level ; the liquid in the tube between 
AB may be assumed to be at constant temperature, : 
and therefore to have uniform density. Hence PIA 351,—Coefficient 
the fluid pressures at A and B are equal. of abao Me ee 


Let d =the density of the liquid in AC. 


> 


=-= =J] em 
K 


I 
h 
| 
' 
l 


< 
Ta 


d.= Pe = > es BD. 

h, =the height of the column AC. 

ee ie BS o ade BD, 

8a=the coefficient of absolute expansion of the guid. 
Then Pressure at A= Pressure at B, 

hydyg =hd39, 
or 7 = 2 BE ie ea Per is) (1) 
Also, from equation (1), p. 333, we have 
d, 


PN —ty) ; 


5. Ballg=h)=Ft-1= "8 


he 
h -h 
E OU ASE 2 
H Pamp (nt 2) 
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The method used by Regnault in the determination of the coeffi- 
cient of absolute expansion of mercury is shown in outline in 
Fig. 352. 

Two vertical tubes AB and CD are connected near their tops. 
by a tube AC of fine bore having a small hole at L. These tubes- 
are connected at B and D to a bent tube BEFGHD ; a branch at K 
is connected to a pump, by 
means of which air may be 
forced into FG. The mercury 
occupies the tubes as shown in 
Fig. 352; the free surfaces at 
A and C are subjected to the 
pressure of the atmosphere, and 
the surfaces in the tubes EF and 
GH are subjected to an air 
pressure sufficient to maintain 
the levels as shown. Means are 
provided for maintaining the 
mercury in CDHG and in FE at a 
constant temperature ¢,, and that 
in AB at a higher temperature ty. 

Let d, and d, be the densities of mercury at the temperatures 
tı and t, respectively. Let p be the pressure of the air in FG, and 
denote the pressures at other points by suffixes ; all these pressures 
are stated in excess of that of the atmosphere. The pcttions of 
the tube BE and HD are assumed to be coaxial, and the heads of mer- 
cury hı; ho, hg, hy are measured from this axis. Then, 


Ld 
> 


EE E E 


ON ----- +--+ 
> 
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Fie. 352.—Diagram of Regnault’s apparatus. 


Po=Pu=hgdyg ; Pe =Pe = hydag. 
Also Pu=P thydyg ; Pe=P + hdg ; 
oe E ET E e EEE (1) 
and hadog =P A Rag. -oniinsneirsrisccresesseanes aA 
Again, d,/dg=1+ Balta -t,); (p. 335), ........0. (3) 


where a is the coefficient of absolute expansion of the mercury. 
Solving these equations, we obtain 
Ba= h,-h, +h, — ha : 
(hs — hy + hg)(ty — ty) 
or, since g and h, are equal, 


hy —h 
Be= Oi ATT oon (4) 


Regnault’s mean value for Sa may be taken as 0-000181. 
Taking the density of mercury at 0° C. as 13-5955, the density at 
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any other temperature ¢ may be calculated from equation (1), p. 333, 
using’ Regnault’s value of Ba = 000181. Thus l 


do 13-5955 
i=T B2 14.0-0001818" EEE a e (5) 
EXAMPLE.—Find the density of mercury at 100° C. 
_13-5955_ =13+35, 


10 =] +0-0181 —— 


Expr. 66.—Determination of the coefficient of absolute expansion of a 
glass vessel. A small glass bottle (sometimes called a “ weight ther- 
mometer ”) having a fine stem is employed in this experiment (Fig. 353). 
Determine the mass m of the bottle by weighing it when empty. Fill it 
with. mercury by heating it slightly and dipping the mouth into 
the liquid, some of which will flow in as the bottle cools. 
Repeat the process until the bottle is quite full, taking care 
to get rid of air. Put the full bottle into a beaker containing 
some water, and let it stand for some minutes to allow the 
temperature to become steady. Add some more mercury if 
required in order to fill the bottle to the top of the stem. 
Take the temperature of the water, #, say. Remove the 
bottle carefully, dry its external surface, and determine the total mass 
by weighing; by deducting m calculate the mass m, of the mercury filling 
the bottle. 

Raise the temperature of the water in the beaker and repeat the experi- 
ment, thus determining the mass m, of mercury which fills the bottle at 
the temperature t» Let v, and v, denote the volumes of the contained 
mercury at t, and t, respectively, and let G be the coefficient of absolute 
expansion of the glass. Then 


Change in volume of the bottle =v, -vı =Gv,(t, —¢,) ; 


Fig. 353. 


To evaluate v, and v, we have 

m,=%,d, and m,=Ved,, 
agi os 
or E and iE gene Be 
where d, and d, are the densities of mercury at the temperatures t; and t 
respectively, and are calculated from equation (5) above. Inserting the 
values in (1) above, we obtain the value of G for the material of the bottle. 
Also, since the volume v, of the bottle at t, is now known, together with 
the coefficient of absolute expansion of the glass, the volume v, of the 

bottle at any other temperature t, can be calculated from 


PEEL VO (i, ~ 2) incini en ee (2) 
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Expr. 67.—Coefficients of expansion of a liquid. The bottle used in 
Expt. 66 should be employed. Use it in the same manner, and thus 
determine the masses m, and mz, of the given liquid which fill the bottle 
at the temperatures ¢, and t; respectively. Find by calculation the volumes 
v, and v, of the bottle at these temperatures. The densities of the liquid 
d, and d, at the temperatures ¢, and t, are then found from 


dyin and d Bd 
vı Ve 
Hence, from equation (2), p. 333, we have for the coefficient of absolute 
expansion of the liquid : 
sollte 
os 2 (tz Fa t) 
MUs ) 1 
= eN | a LLLI TTL TTTTTTTTITTTITTTTTIT 1 
ae (t2 =t:) yi 


The values of G and Ba being now known, the value of (3, the coefficient 
of apparent expansion of the liquid, may be calculated from equation (3), 
p. 335: G=£8.- Pp 
or . B=B.-G. 

In this way, determine the values of 8, and f for the liquid for ranges 
from 10° to 20°, 20° to 30°, etc., up to 90° C. 

_ If the coefficient of apparent expansion 3 only is required in the experi- 

ment, the change in volume of the bottle may be disregarded, when v, 

and v, will be equal, and equation (1) becomes 
—( re 

ie (z 1) al) mA y e2) 

Maximum density of water.—When water is cooled, it is found 

that a contraction occurs until a temperature of 4° C. is reached. 

‘Further cooling is accompanied by an expansion until freezing 

temperature is reached. During the con- 

version into ice considerable expansion 

occurs. It follows that water attains its 
maximum density at 4° C. 


EXPT. 68.—Hope’s experiment on the maximum 
density of water. In Fig. 354 is shown a metal 
vessel A having a trough B surrounding the 
vessel near the middle of its height. C and D 
are thermometers. 
¥1G. Sbi- Hopes apparatus. Pour water into the vessel, and place a freezing 

mixture consisting of broken ice and salt in the 
trough. Read the thermometers simultaneously every minute. 

Suppose the water to have an initial temperature of 12° to 15°C. The 
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water half-way up the vessel is cooled and contracts, thus acquiring greater 
density, which causes it to sink to the lower part of the vessel; this fact is 
rendered evident by the readings of the thermometer D being lower than 
those of C. As cooling goes on it will be found that the thermometer 
D shows that the water in the lower part of the vessel has attained the 
temperature of 4°C. From this point onwards, the cooling below 4° C. 
of the water near the middle of the vessel results in an increase of volume, 
Grams per ce, 
1:00- 
coo 
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95 
0° 20 40° 60 80 100C. 
Fa, 355.—Density of water. 


and consequently a decrease in density, which causes the colder water 
to rise to the top. This is indicated by the thermometer C falling gradually 
to 0° C., and ultimately a layer of ice is formed on the surface of the water 
while the temperature shown by the thermometer D is still at or near 
4°C. 

These facts are of importance in the economy of nature. But for 
the expansion which occurs while the temperature is lowered from 
4° to 0° C., the colder water would remain at the bottom of ponds 
and lakes, and freezing would start at the bottom and proceed 
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upwards. Finally the lake would be frozen into a solid mass of 
ice. Actually freezing occurs at the surface, and as the layer of 
ice conducts heat but slowly, the water underneath does not fall 
much below 4° ©. Thus life is preserved in such waters. 

Owing to the lack of uniformity in the expansion of water, it is not 
correct to speak of its density without also stating the temperature. 
The reason for taking unit mass in the C.G S. system as the quantity 
of matter in one cubic centimetre of water at 4° ©. will be apparent. 
One gallon of water at 60°F. has a mass of 10 pounds. A graph 
showing the density of water at temperatures from 
0° to 100° C. is given in Fig. 355. 


Expt. 69.—Expansion of water while freezing. Fit a 
rubber stopper to a test tube A (Fig. 356), and bore a hole in 
it to receive a tube B. Determine by filling the test tube 
from a burette the volume v, of water, first well boiled 
and then cooled nearly to freezing, which the test tube 
can contain up to the stopper. Measure the bore of the 
tube B, and hence calculate its cross-sectional area (Expt. 7, 
p. 20). Fit the tube to the stopper as shown in Fig. 356, 
and attach a scale C. Add a little water so that the 
level stands a short distance up the tube. Note this level 
on the scale. 

Freeze the water from the bottom upwards by lowering 
the test tube very slowly into a freezing mixture. If 
attention be not paid to this, the upper layer will freeze 

Fig. 356,—Ex- first, and the tube will be burst by the expansion. When 
paiio e freezing is complete in A, read the level on the scale. 

Take the difference in level, and hence calculate the 
additional volume v cubic centimetres. This increase in volume has 
occurred in an initial volume v, cubic centimetres, assuming that the 
water in the tube B does not freeze. Evaluate the ratio v,/(¥, +v); this 
will give the density of the ice. 


The density of ice is about 0-92 grams per cubic centimetre. 
Hence about 10 per cent. of the volume of a floating iceberg will be 
above the surface of sea-water. Melting of the submerged portion 
of the iceberg will proceed slowly as the iceberg travels with ocean 
currents into warmer waters. The melting will ultimately affect 
the stability of flotation of some icebergs and such have been 
observed occasionally in the act of capsizing. 


Kd 
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EXERCISES ON CHAPTER XXV. 


1. The density of a piece of brass is 8-456 grams per c.c. at 15° C., and 
the coefficient of cubical expansion is 57 x 10-6. Find the density of the 
brass at 125° C. 


2. The density of a piece of zinc is 7-124 grams per c.c. at 12°C. and 
7:122 at 42°C. Find the coefficient of cubic expansion of the zinc. 


3. Describe an experiment for determining the coefficient of cubical 
expansion of a solid. The density of a piece of iron is 7-81 grams per c.c. 
at 0° C., and its coefficient of linear expansion is 11-9 x10-® per degree 
Centigrade. What is its density at 100° C. ? 


4. A small glass vessel having a fine stem contains 4-56 c.c. of mercury ` 
which just fills the vessel at 15°C. The coefficient of linear expansion of 
the glass is 8:4 x 10-6. What volume of mercury (measured at 45° C.) 
will flow out of the vessel if the temperature is raised to 45° C.? The 
coefficient of absolute cubical expansion of mercury is 0-00018. 


5. A weight thermometer contains 24 grams of mercury at 0°C. On 
being heated to 100° C. it is found to contain only 23-622 grams. Calculate 
the coefficient of linear expansion of the envelope, the coefiicient of absolute 
expansion of mercury being 0-00018. L.U. 


6. Describe how you would determine the coefficient of apparent expan- 
‘sion of a given sample of kerosene in a given glass envelope. 


7. A glass tube of uniform bore is closed at the lower end and is arranged 
vertically. Mercury partly fills the tube to a height of 76 cm. at the 
temperature of 15°C. If the temperature is raised to 20°C., find the 
height of the column of mercury. The coefficient of linear expansion of 
the glass is 0-0000085, and the coefficient of absolute expansion of mercury 
is 0-00018. 

8. A Centigrade thermometer has a range from -10° to 110°C.; the 
length of the scale between these marks is 25 cm. The bore of the stem 
is 0-5 mm. Find the volume of bulb required. Take the coefficient of 
linear expansion of the glass as 0-000008 and the coefficient of absolute 
expansion of mercury 0-00018. ; 


9. Describe clearly how to find the coefficient expansion of a liquid 
by using a weight thermometer. A weight thermometer contains 100 
grams of mercury at 0° C.; when the temperature is raised to 100° C. 
it is found that 1-72 grams of mercury overflow. If the coefficient of 
absolute expansion of mercury is 0-000181, find the coefficient of cubical 
expansion of the material of the thermometer. 


10. Describe an experiment for findi: -; the coefficient of absolute expan- 
sion of a liquid by balancing two columns of the liquid at different tem- 
peratures in vertical tubes connected by a horizontal tube at their lower 
ends. The temperature of the cold column is 5° C., and that of the hot 
95° C.; the heights of the columns are 50 cm. and 50.22 cm. respectively. 
Find the coefficient of expansion. 


ll. Describe any experimental evidence you are acquainted with which 
proves that the maximum density of water occurs at 4°C. What bearing 
has this fact on the freezing of water in lakes ? 
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12. Describe how to determine experimentally the change in volume 
which occurs when water freezes. 

13. If ice weighs 57-5 lb. per cubic foot, find the volume of an iceberg 
weighing 10,000 tons. What volume of ice will be above the surface of 
sea-water weighing 64 lb. per cubic foot ? 

14. Give a brief description of Regnault’s method of determining the 
coefficient of absolute expansion of mercury. 

15. The coefficient of expansion of mercury is zzp. If the bulb of a 
mercurial thermometer is 1 c.c., and the section of the bore of the tube 
0-001 sq. cm., find the position of the mercury at 100°C., if it just fills 
the bulb at 0°C. Neglect the expansion of the glass. Calcutta Univ. 


16. A piece of aluminium is found to weigh 50 gm. in air, and 34:61 gm. 
and 35-42 gm. respectively when totally immersed in a liquid at 15° C. and 
65° C. 

If the mean coefficient of real expansion of the liquid between 15° C. 
and 65° C. is 0-00119, calculate the coefficient of linear expansion of the 
solid. L.U.H.Sch. 


17. Describe and give the theory of a method of determining the absolute 
coefficient of expansion of a liquid. ; 

The volume of the bulb of a glass dilatometer up to the zero graduation 
on the stem is 100 times the volume corresponding to 100 divisions on the 
scale. The liquid in the dilatometer stands at the graduation mark 5 when 
the instrument is at 0° C., and at 155 when the temperature of the instru- 
ment is raised to 100°C. Find the coefficient of expansion of the liquid in 
the dilatometer. (Cubical coefficient of expansion of glass is 0-00003 per 
1°C.) C.W.B., H.C. 


18. What do you understand by the statement: “ The mean coefficient 
of expansion of mercury is 182 x 10-* per degree ©.” ? 

The density of mercury at 20°C. is 13-55 gm./c.c. At what higher 
temperature will this figure be in error by 1 per cent. ? J.M.B., H.S.C. 

19. Describe an experiment to determine how the density of a liquid 
varies with its temperature. 

A sinker made of silica (whose expansion may be neglected) weighs 
110-505 gm. in air ; 60-515 gm. in water at 0° C. and 61-000 gm. in water at 
50°C. Determine the mean coefficient of expansion of water between 
0° C. and 50° C. J.M.B., H.S.C. 

20. Describe a method for determining directly the absolute coefficient of 
expansion of a liquid. 

A compensated pendulum consists of an iron rod, of negligible mass, to 
which, at a distance of one metre from the knife edge, is fastened a hollow 
iron.cylinder of length 16 cm., internal diameter 5 gin, and mass 800 grams. 
This cylinder contains 3,200 grams of mercury.” d the change in distance 
of the centre of mass of the pendulum from the knife edge for a 1° C. rise in 
temperature. O0.&C., H.S.C. 


CHAPTER XXVI 
CALORIMETRY 


Quantity of heat.—When a hot and a cold body are brought into 
contact, a transference of some kind is evidenced by both bodies 
coming ultimately to the same temperature, lying between the 
temperatures originally possessed by the bodies. 


Expt. 70.—Distinction between heat and temperature. Take two vessels, 
one, A, containing about one litre of water at about 15° C., the other, B, 
containing about 0-5 litre of water at about 80°C. Place a thermometer 
in each vessel, stir well, and take the temperatures. Pour the water from 
B into A, stir again, and read the temperature. With the quantities men- 
tioned, the final temperature will be about 36°C. The water originally 
in A has been warmed about 21° C., that originally in B has been cooled 
about 44° C, 


As the temperature of the water in A has not been increased to 
the same extent that the temperature of the water in B has been 
lowered, it is evident that what has been transferred has not been 
temperature, but some other quantity to which the name of heat 
is given. 

The quantity of heat possessed by a body depends on several 
factors, of which temperature is one only. For example, a quantity 
of water set to boil over a bunsen burner receives a great quantity 
of heat, as estimated by the time taken, while its final temperature 
is comparatively low. A wire held in the flame comes to a very 
high temperature almost immediately, but evidently receives only 
a small quantity of heat. 

Heat is not a material substance which a body may absorb like 
a sponge taking up water. A body when hot weighs no more than 
the same body when cold. We shall discuss afterwards evidence - 
which proves that neat is a form of energy, and exists in a body in 
the form of motion of the molecules. 
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Units of heat. —The unit of heat in any system of units is the 
quantity of heat required to raise the temperature of unit mass” 
of water through 1°. ; 

The c.G.s. unit of heat is the calorie, and is the quantity of heat 
required to raise the temperature of one gram of water through 1° C. 
When a larger heat unit is desirable, the major-calorie is employed ; 
this unit is equal to 1000 calories. 

In Britain two heat units besides the c.c.s. units are employed. 
These are: 

The Centigrade unit of heat (lb.-deg.-Cent.), being the heat required 
to raise the temperature of one pound of watcr through 1° C. 

The Fahrenheit unit of heat (lb.-deg.-Fah.), or British thermal unit 
(written B.Th.U.); this is the quantity of heat required to raise the 
temperature of one pound of water through 1° F. 

Since 18° F. are equivalent to 1°C., it follows that 1°8 B.Th.v. 
are required to raise the temperature of one pound of water 1° C. ; 
ie. 1 Centigrade heat unit = 1'8 B.Th.U. 

i B.Th.U. = Centigrade heat unit. 


ExAMPLE.— What factor must be employed to convert a given quantity 
of heat stated in calories into B.th.v, and into Centigrade heat units? 
1 calorie can raise the temp. of 1 gram water through 1° C. 
453:6 calories __,, a » 453:6 grams _,, x in Cy 
Since 1 pound=453-6 grams, the latter statement may be written : 
453-6 calories can raise the temp. of 1 pound water through 1° C. 
~. (§ x 453-6) ” ” ” e » ” ” ” I’ F. 
Hence 1 B.Th.u.=8x 453-6 =252 calories. 
To convert from calories to B.Th.v., multiply the calories by 
To convert from B.th.v. to calories, multiply the B.rh.v.’s by 252. 
To convert from Centigrade heat units into calories, multiply the Centi- 
grade heat units by 453-6. 
To convert from calories to Centigrade heat units, multiply the Centigrade 


heat units by 755g -0 002205. 


_ The Therm is a unit used when the quantity of heat is large, and 
1s 100,000 B.Th.v. 

Specific heat.—Experimental evidence shows that equal masses 
of different substances require unequal quantities of heat to raise 
their temperatures through the same range. The specific heat of a 
substance may be defined as the quantity of heat required to raise 
the temperature of unit mass of the substance through one degree. 
Thus the specific heat of iron is about x calorie, i.e. 2 calorie can 
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raise the temperature of one gram of iron through one degree 
Centigrade, or 4 lb.-deg.-Cent. unit of heat can raise the tempera- 
ture of one pound of iron through one degree Centigrade. The 
number expressing the specific heat of a substance is the same 
irrespectively of the system of units employed. The specific heat of 
most substances varies somewhat, depending upon the temperature. 
Thus, if the specific heat of water is taken as unity at 20° C., the 
values at 40°, 60° and 100° are 0:9982, 1-0000 and 1:0074 respectively. 
In many calculations the specific heat of water can be assumed to 
be unity at all temperatures. 


SPECIFIC HEATS. * 


(The range in temperature is from ordinary atmospheric tempera- 
tures up to 100° C. unless otherwise stated.) 


Material. Specific heat. Material. Specific heat. 


Aluminium 0-219 Tin z - 
Copper - 0:0936 || Zine Siege 
Iron - 0-119 Glass, Crown \ 


Lead - 0-0305 10° to 50° C. 
Nickel - 0-109 Glass, Flint \ 
Platinum 0-0324 10° to 50° C. 

Ice, °-20° wr = 1° C. 


Heat capacity, or water equivalent of a body.—The heat capacity, 
or water equivalent of a given body is the quantity of heat which the 
body absorbs when its temperature is raised through one degree. 
The same quantity may be defined as the mass of water which 
requires the same quantity of heat to raise its temperature through 
one degree as the body itself requires. Thus the water equivalent 
of 9 pounds of iron is one pound, and of 9 grams of iron, one gram. 


Let M =the mass of the body, 
s=the specific heat of the material. 
Then Heat capacity, or water equivalent of the body =Ms. 
Measurements of quantities of heat are effected in vessels called 
calorimeters. The calorimeter generally contains water, and the heat 
undergoing measurement is passed into the water, thus causing a 


rise in temperature. The temperature of the calorimeter also rises, 
and the heat thus absorbed is taken into account by adding the 


* For fuller tables of specific heats, see Physical and Chemical Constants, by 
Kaye and Laby (Longmans). 
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water equivalent of the calorimeter to the weight of the contained 
water. 7 

Calculations regarding heat transference.—In making calculations 
of the ultimate temperature attained when heat is transferred from 
one body to another, it may be assumed in the first instance that no 
heat is wasted in raising the temperature of any body other than the 
colder one considered. Corrections may then be estimated and 
applied for any heat known to be wasted. Calling the two bodies 
A and B, we may state as an approximate solution : 

Heat passing from A= heat entering B. 


EXPT. 7].—Final temperature in mixtures of water. Put some cold 
water in a copper calorimeter A and heat another quantity of water in a . 
vessel B. Obtain the masses of water M, and M, by weighing and deduct- 
ing the weights of the empty vessels. Let t, and tẹ be the initial tempera- 
tures in A and B respectively. Pour the water from B into A, stir well, 
and observe the final steady temperature ft. Calculate the final temperature 
as follows : ; r 

Heat passing from B = Heat entering A. 
Ms(ts -t) =M, (t-ta) 
Mets -Mpt =M;t -M 4ta» 


Compare the result of this calculation with the experimental value of t. 
Setting aside errors in measuring the temperatures accurately, and the 
possible error due tọ some of the hot water being left in the vessel B, the 
principal source of discrepancy lies in the fact that the calorimeter A has 
been raised in temperature. Take account of this by adding to M, the 
water equivalent of the calorimeter, which may be estimated by taking 
the product of the mass M of the calorimeter A and the specific heat s of 
its material. This now gives 

i , Ma(tg -t) =(M, +Ms)(¢ - t4), 
me Pd od Rn ee (2) 
M, +Ms +M, 

The result thus determined should be in close agreement with the experi- 
mental value. 

The masses used in the above calculations should all be in grams, or all 
In pounds; the same scale of temperature must be used throughout. 
If the calorimeter is made of copper, the specific heat s may be taken as 0-1. 


Expr. 72.—Specific heat of a solid by the method of mixtures. In this 
experiment, a small piece of iron, copper, brass, or other material is first 
heated and then lowered into a calorimeter containing water. The arrange- 
ment for heating the sample is shown in Fig. 357. The sample A has a 
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thread attached to it, and is contained in a copper tube B having a plug 
ot cotton-wool at its lower end. The upper end is closed by a stopper to 
which a thermometer is fitted. The tube B is enclosed in another larger 
tube having a branch C for the introduction of steam from a boiler; D is 
a discharge branch. Steam is allowed to pass into the heater for a few 
minutes; the temperature is then read, the plug of cotton-wool is with- 
drawn quickly, and the sample is lowered into the calorimeter, which is 
placed below the heater. The arrangement enables a dry, hot sample to 
be obtained, and permits the minimum duration of contact with the 


atmosphere between the sample leaving the heater and entering the 
calorimeter. 


Fic. 357.—Arrangement for heating FIG, 358.—Section ofa 
the sample. calorimeter, 

The calorimeter is shown in Fig. 358, and consists of an inner vessel G 
and an outer vessel H, both made of copper and separated by a wooden 
cross K. This arrangement assists in preventing loss of heat from the 
calorimeter. . 

Weigh the sample. Determine the water equivalent of the inner vessel 
G. Find the mass of the water in the calorimeter by weighing. Heat the 
sample, and when it is ready for transference to the calorimeter, take the 
temperatures of the heater and of the water in the calorimeter. Lower 
the sample into the calorimeter, and keep it moving in the water until 
the temperature of the water becomes steady. Note this temperature. 

Let Ms= mass of the sample. 

Mo= s » water inG. 
M,8,= water equivalent of the calorimeter. 
ts= temperature of the hot sample. 
t,=initial temperature of the water. 
t,=final temperature of the water and sample. 
s=specific heat of the material of the sample. 
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Assuming that the heat given up by the sample is equal to the heat 
taken up by the water and calorimeter, l 
Ms(ts — ta)s = (Mw + Masa) (ta =t); 
s= (Mw T Masa) (t2 E tı). X % 
Ms(ts -- t2) 
Compare the value found from this equation with that given in the 
Table, p. 345. 


In Expt. 72, if the temperature of the room be above or below 
that of the calorimeter, heat will pass from the atmosphere into or 
out of the calorimeter during the experiment. This interference may 
be avoided partially by adjusting the initial temperature of the 
water in the calorimeter so that the temperature of the atmosphere 
in the room is the mean of the initial and final temperatures of the 
water. Thus, if a rise of 4° C. is expected and the temperature of 
the room is 15°C., the initial temperature of the water should be 
13° C.; the heat entering the calorimeter will then be balanced 
approximately by the heat leaving it. — 


Specific heat of a liquid.—If a sufficient quantity of the given 
liquid is available, the specific heat may be found by the method 
explained in Expt. 72. The liquid is used in the calorimeter instead 
of water, and a hot body of known specific heat is employed. 


Expt. 73.—Specific heat of a liquid by the method of mixtures. Find the 
specific heat of the sample of lubricating oil supplied, following the method 
explained in Expt. 72. $ 

Let M,=mass of the hot body. 

M= „ ,, liquid in the calorimeter. 
Mesa =water equivalent of the calorimeter. 
t= temperature of the hot body. 
t =initial temperature of the liquid. : 
t, =final temperature of the liquid and hot body. 
8,=specific heat of the hot body. 
s=specific heat of the liquid. 
Then 
_ Heat entering liquid and calorimeter =heat given up by hot body ; 
(Ms + MgSq)(2 — ty) =Ma(tg — te) 8p 3 


s =Mess ($ =t, ) _ Masa, 


Expt. 74.—Newton’s law of cooling. The apparatus employed for experi- 
ments on the cooling of a liquid is illustrated in Fig. 359. The liquid is 
contained in a test tube A, fitted with a cork and a thermometer B.. A 
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wire stirrer C enables the liquid to be stirred prior to its temperature being 
observed. D and E are metal cans, one placed inside the other and having 
ice packed between; the test tube is suspended so as not to touch the 
inner can. The temperature of the air space in the inner can will remain 
practically constant, and may be observed by the thermometer F. The 
cans are closed at the top by means of a coverG. The object of the arrange- 
ment is to enable the surroundings of the liquid under test to be preserved 
as uniform as possible. 

Put a measured volume of hot water in the test tube, and complete the 
arrangement of the apparatus. Observe the temperatures of the water and 
of the air space at one minute intervals during 20 or 30 minutes. Plot a 


FO HE Time. 
Fic. 359.—Experiment on cooling. Fira. 360.—Cooling curve. ¢ 


graph AB (Fig. 360), showing the temperatures of the water as ordinates and 
times as abscissae. Show the temperature of the air space on the graph 
as indicated by CD in Fig. 360. 

Select equal intervals of time FH and HL. The fall in temperature of 
the water during the interval FH is EP, and duringHL the fall is GQ. During 
the interval FH the mean difference in temperature of the water and the 
air space is }(EM+GN); during the interval HL the mean difference in 
temperature is }(GN+KO). Evaluate the ratios of fall in temperature to 
mean temperature difference for both intervals, viz. EP = ¿(EM +GN) and 
GQ+4(GN+KO). It will be found that these ratios are practically equal, 
showing that the rate of cooling of the water is proportional at any instant 
to the difference in temperature between the water and its surroundings. 


Assuming that the fall in temperature of a liquid is proportional 

to the quantity of heat abstracted from it, we may infer from the 
above result that the quantity of heat passing from a cooling liquid 
per unit of time is proportional to the temperature difference between 
the liquid and its surroundings, a law which is known as Newton's 


law of cooling. 5 
D.8. P. 
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Exper. 75.—Specific heat of a liquid by cooling: Repeat Expt. 74, using 
an equal volume of some liquid other.than water. Plot a cooling graph 
for this liquid in the same manner as for the water. Obtain from the 
graphs the intervals of time in which the water and the liquid cool through 
the same range of temperature from t, tot, Ascertain, by weighing, the 
masses of both liquids. 
Let T,=the time in minutes fur the water to cool through the given 
temperature range. 
T,=the corresponding time for the other liquid. 
M: =the mass of the water. 
M,= the mass of an equal volume of the liquid. 
=the specific heat of the liquid. 
_ Then, since the temperatures are identical in the two experiments, 
Heat lost by the liquid M,.s(t,-%t.) Te. 
Heat lost by the water My,(t;—t¢2) T,’ 
io 3 M:T, : 


MT: 


It will be noted that equal volumes of water and of the other liquid are 
used in order that the area of the wetted interior of the test tube may be 
the same for both. ‘This precaution, together with the practical uniformity 
of the air-space temperature, ensures that the surrounding conditicns are 
the same in both experiments. 


EXERCISES ON CHAPTER XXVI. 


F. Convert 1414 Ib.-deg.-Centigrade units of heat into Ib.-deg.-Fah. 
heat units and also into calories. 


2. Convert 778 Ib.-deg.-Fah. thermal units into Ib.-deg.-Cent. units and 
also into calories. 


__ 3. Define “ Specific heat of a substance.” A copper calorimeter weighs 
0-4 Ib., and the specific heat of the material is 0-094. Find the quantity of 
heat: required to raise the temperature from 15° to 55° C. iat is the 
water equivalent of this calorimeter ? 


4. A steam boiler is made of mild steel and weighs TO tons. The specific 
heat: of the material is 0-12. The boiler contains 8 tons of water. Find 
the quantity of heat required to raise the temperature of the whole from 
15° to 100° C., assuming no waste. 


5. Fifteen gallons of water at 10° C. are mixed in a tank with 20 gallons 
of water at 65°C. Find the final temperature, assuming no waste. 


_ _§. A piece of zinc weighing 65 grams is at the temperature 100° C., and 
is oTa ma a ee containing 350 grams of water at 15°C. The 
water equivalent of the calorimeter is 8-5 grams The final temperature 
is 16:5° C. Find the specific heat of the ih “i! 


p ~) 


PN 
m~ . C3 
am 
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7. A piece of iron weighing 100 grams is allowed to remain ın a current 
of hot gases in a flue for a few minutes, and is then lowered into a calori- 
meter containing 500 c.c. of water at 15° C. The water equivalent of the 
calorimeter is 40 grams. The final steady temperature was observed to 
be 22:5°C. Calculate the temperature of the gases, assuming that the 
average specific heat of the iron is 0-11. 


8. A sample of lubricating oil weighing 240 grams is contained in a 
calorimeter having a water equivalent of 12 grams. The initial tempera- 
ture is 14°C. A piece of copper weighing 72 grams, specific heat 0-093, 
is raised to 100° C., and then lowered into the calorimeter. The final 
steady temperature was 18-2. Find the specific heat of the oil. 


9. Fifteen grams of water contained in a copper calorimeter weighing 
22 grams are found to cool from 80° F. to 70° F. in 3 minutes. An equal 
volume of another liquid weighing 14 grams cools from 80° F. to 70° F. in — 
the same calorimeter in 110 seconds. The specific heat of the copper is- 
0-09. Find the specific heat of the liquid. 


10, Describe any experiment by which you would find the specific heat 
of a sample of metal. Give sketches of the apparatus employed. 


11. Write an account of the determination of specific heats by the method 
of cooling, and explain the theory of the method. L.U. 


12. The temperatures of equal masses of three different liquids, a, b, c, 
are 15°, 25°. and 35° C. respectively. On mixing a and b, the temperature 
of the mixture is 21° C., and on mixing b and c, the temperature of the 
mixture is 32°C. Supposing a and c were mixed, what would be the 
temperature of the mixture ? 


13. If equal quantities of heat are applied to equal volumes of copper 
and iron, compare the rises of temperature produced. Density of copper, 
8:9; density of iron, 7:8. Specific heat of copper, 0-094; specific heat, 
of iron, 0-12. 

14. Describe how you would determine experimentally the water equi- 
valent of a calorimeter. If 50 grams of lead shot (specific heat =0-031) 
at 97° C. are poured into 75 grams of a liquid at 31°C., contained in a 
calorimeter of water equivalent 4-5, and the final temperature is ao C., 
what is the specific heat of the liquid ? Madras Univ. 


15. Distinguish between temperature and quantity of heat. Describe a 
method of finding the specific heat of a liquid, explaining fully how the 
result is calculated from the observational data and the precautions that 
have to be taken to avoid errors. L.U.H.Sch. 


16. State Newton’s Law of Cooling. Assuming it to hold for a body 
which cools from 95° C. to 90° C. in 30 secs., and from 55°C. to 50° C. in 
70 secs., find the mean temperature of its surroundings ; find also approxi- 
mately the time taken to cool from 95° C. to 50° C. C.W.B., H.C. 


CHAPTER XXVII 
NATURE OF HEAT. NATURAL SOURCES OF HEAT 


Nature of heat.—At the beginning of the nineteenth century it 
was believed that heat was an elastic fluid, capable of being soaked 
in or squeezed out, as it were, by a body. The name caloric was 
given to this substance. This theory has been rejected on the 
evidence of experiments, of which the most important were made 
by Rumford, Davy and Joule. 


Count Rumford noticed that the metal chips removed by the 
boring tool in boring a cannon became hot. He arranged a cannon 
in a bath of water, and started boring with a blunt boring tool which 
removed but little material. It was found that heat sufficient to 
boil the water could be obtained during a comparatively short run 
of the apparatus. As there was evidently no limit to the quantity 
of heat which could be evolved from the bodies concerned in the 
experiment, he concluded that it was impossible that the heat pro- 
duced could be a material substance contained in the bodies prior 
to starting boring. 

Sir Humphry Davy experimented by rubbing together two pieces 
of ice, taking precautions to ensure that no heat could be communi- 
cated to them from outside sources. In a short time it was found 
that the ice melted, showing that heat had been generated by the 
rubbing. 

Dr. Joule, of Manchester, gave the most conclusive experimental 
-proof that heat is not a material substance. In the experiments of 
Rumford and Davy, the bodies experimented on changed character 
during the operations. In Joule’s experiments heat was evolved by 
the stirring of water, and the conditions at the end of the experiment 
were exactly the same as at the start, excepting that the temperature 
of the water had been raised. 


It is now believed that heat is energy possessed by a body by 
virtue of the state of motion of the molecules of which it is 
composed. The molecules of a solid do not alter their positions 
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relatively to each other, but are in a state of vibration which is 
increased by the addition of heat, the energy of the molecules 
being thus made greater. Heat imparted to a liquid may increase 
the motion of the molecules and at the same time may cause 
currents of molecules to travel from one part of the liquid to another 
part. In gases the molecules are in rapid motion ; collisions with 
each other and with the walls of the vessel containing the gas are 
frequent. The continual bombardment produces pressure on the 
walls of the vessel. Heat imparted to a gas increases the speed of 


Fie, 361.—Apparatus used by Joule in ae at aa on the mechanical equivalent 
the molecules, thereby increasing both their kinetic energy and the 
pressure on the walls. : 

Mechanical equivalent of heat.—Heat energy is capable of being 
converted into other forms of energy and vice versa. There are 
many practical operations having for their object the conversion of 
heat into mechanical work. Since no energy can be destroyed 
(p. 170), it follows that a definite quantity of mechanical work is 
equivalent to a given quantity of heat. 


Joule’s experiments, already mentioned, were projected for the 
purpose of ascertaining the quantity of mechanical work equivalent 
to one thermal unit. The apparatus employed is shown in Fig. 361. 
Falling weights ee are arranged so as to drive paddles revolving in a 
ealorimeter AB containing water. The calorimeter, shown separately 
in Fig. 362, was fitted with baffle plates having spaces cut so as to 
permit the paddles to pass, the object being thoroughly to churn the 


354 HEAT CHAP. 


water. The weights were allowed to descend a measured height, 
revolving the paddles by means of the cords wrapped round the 
paddle axle at f (Fig. 361); f was then disconnected from the paddles 
by means of the pin p, and the weights were 
wound up again by means of the handle at 
the top of f. It will be noted that the 
arrangement of two weights and two cords 
wrapped round f in opposite directions 
applied a couple to the paddle axle, thus 
producing pure rotation. 

Corrections of various kinds were applied, 
such as the kinetic energy of the weight 
on reaching the bottom, the frictional 
resistances of the various bearings, the 
heat capacity of the calorimeter, etc. The 
final result was that about 772 foot-lb. of 
mechanical work were equivalent to one 
British thermal unit. 


Subsequent experiments by Rowland in 
America, and Osborne Reynolds and 
Griffiths in Britain, give 774 and 778 as 
more accurate results. The experiments 
of Osborne Reynolds are of interest on 
account of the large scale of the apparatus 
employed. The power developed by the 
experimental steam engines at Owen’s 
College in Manchester was absorbed by 
the resistance provided by stirring water 
in a hydraulic brake. The rate of flow of 
the water passing through the brake and 
its rise in temperature were measured, 
as well as the horse-power absorbed by 
the brake, thus providing data for calcu- 
lating the mechanical equivalent of heat. 
Carefully estimated corrections were 
applied. 

At present the best authorities employ 778 foot.-Ib. as equivalent 
to 1 B.Th.U. These numbers are called Joule’s mechanical equivalent of 
heat, and are denoted by the symbol J. In the c.a.s. system J 
may be taken as 4-18 x 10’ ergs of mechanical work, equivalent to 
one calorie of heat.. Another useful value for J is 1400, foot-lb. of 


Fia. 362.—Joule’s calorimeter. 
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mechanical work equivalent to one Centigrade heat unit, 7.e. to the 
heat required to raise the temperature of one pound of water 
through 1° C. 

First law of thermodynamics.—tThermodynamics is the name given 
to the study of the conversion of heat into mechanical work and 
vice versa. The first law may be enunciated as follows: Heat and 
mechanical work are mutually convertible, and in any operation involving 
such conversion 4:18 x 107 ergs of mechanical work disappear for each 
calorie generated, or 4°18 x 10’ ergs of mechanical work appear for each 
calorie expended. In the British system, substitute 1400 foot-lb. and 
one Centigrade heat unit in the latter part of the law. — 


The student must be prepared for very large waste in all operations 
involving the conversion of heat into mechanical work. It is very 
difficult to prevent heat being dissipated into forms which are useless 
for any practical purpose. The operation of converting mechanical 
work into heat is not accompanied by such excessive waste, and 
laboratory experiments on the value of Joule’s equivalent usually 
follow this method. 


Expr. 76.—vValue of Joule’s equivalent by Callendar’s machine. The 
Callendar apparatus provides a very convenient laboratory method of 


Fig. 363.—Calorimeter of Callendar’s machine. 


determining J, and is illustrated in Fig. 363. A brass drum A is fixed to 
the end of a shaft and can be rotated by means of a band passed over a 
pulley B; the band is driven by a small electromotor not shown in Fig. 
363. A revolution counter at D enables the number of revolutions of the 
drum to be observed. ‘The drum serves the purpose of a calorimeter, and 
contains a measured quantity of water; a bent thermometer C passes 
through a central hole in the end of the drum and dips into the water. A 
band brake, made of three strips of silk ribbon, passes round the drum and 
covers nearly the whole of its external cylindrical surface. The brake 
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carries a dead load W at one end (Fig. 364), and has a shackle E attached 
to the other end to which smaller weights w may be added. A light spring 
balance pulls the shackle E upwards and 
enables the brake load to be read delicately, 
and also helps to produce steadier running. 

Work -is done against the frictional resist- 
ances of the silk brake rubbing on the drum ; 
this work is converted into heat, which passes 
with difficulty outwards through the silk, but 
passes very easily through the metal drum 
into the water. The test is made with the 
initial temperature of the water equal to that 
of the room; the drum is revolved until the 
thermometer indicates a rise in temperature 
of about 5 or 6 degrees Centigrade. 

The work done against the resistance of the 
brake may be calculated as follows: The load 
W and the pull P of the spring balance both 
resist the motion of the drum; w assists 
the rotation. Hence the net resistance is 
(W+P—w), and this is overcome through a 
distance equal to the circumference of the 
WwW drum during each revolution. If D is the 

diameter of the drum, and if it makes N 
Fic. 364.—Brake of Callendar’s revolutions, then the total work done is 
machine. 
i (W +P- w) TDN. 

The following record of a test with the Callendar machine is given in 
order to illustrate the method of reducing the results, especially with 
reference to the application of cooling corrections, which often has to be 
done in calorimetric measurements. 


W 


DETERMINATION OF THE MECHANICAL EQUIVALENT OF HEAT 
BY CALLENDAR’S MACHINE. 


Diameter of the drum, D - ~ - 15-2 cm. 

Brake load, W - - - - - 4000 grams weight. 
Load at spring balance end, w - - 300 grams weight. 
Pull of the spring balance, P - - - 30 grams weight. 
Initial counter reading - - - - 62,440. 

Final j 5 - - - - 62,843, 

Total revolutions during the test, N - 403. 

Mass of water used, M, - - - - 250 grams. 


Water equivalent of the calorimeter, M,- 35-2 grams. 
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a Rate of cooling, 


Time,|Observed| temp. R c tion to be added | Corrected 
aay 4 from graph (Fig. 366). orrection to be adde: in 
min. | temp. ©. ‘ak gi Deg. Cent. per min. to the mean temp. cap 


‘015 +0:035 =0-05 
05 +0:06 =0-11 
‘11 +0-08 =0-19 
19 +01 =0-29 
29 +0-:12 =0-41 
‘41 +014 =0-55 
‘55 +0:16 =0-71 
‘71 +0-165 =0-875 
‘875 +0-162 = 1-037 
037 +0-16 =1-197 
1-197 +0-155 =1-352 
1-352 +0-15 =1-502 
1-502 +0-14 =1-642 


ne Oe G p Ne pol jl jol pal el 
WHOOOOSDD OO WATAH AH 
meoooodoooooo 


“| 
8 
5 

l 
7 

-4 

‘0 

6 

-04 

-06 

9 

8 

"T 

4 

2 


The machine was run for 8 minutes and then stopped. The temperature 
was read every minute for 14 minutes ; columns 1 and 2 show these readings. 
Column 3 gives the mean temperatures during each interval of one minute ; 
these numbers are obtained from column 2. Mean temperatures and time 
were plotted (Fig. 365), giving the lower graph. The effect of cooling is 
shown in this graph by the curve drooping after the machine was stopped. 
To obtain the cooling corrections throughout the test, we have from this 
graph : Mean temperature at 11 minutes =19-76° C. 

Mean temperature at 13 minutes =19-45° C. 
Fall in 2 minutes = 0-31° C. 
Fall per minute = 0-155° C. 
19-76 + 19-45 
2 
=19-6°.C. 

Plot a graph (Fig. 366) in which abscissae represent mean temperatures 
and ordinates represent fall in temperature per minute. The fall of 
0-155° C. per minute is plotted at 19-6°C., and a straight line drawn 
through this point and 15-1°C. (the temperature of the room) on the OX 
axis; at this temperature there would be zero rate of cooling. The 
cooling rate at any mean temperature shown in Fig. 365 can now be obtained 
from Fig. 366. Thus, at the mean temperature 15-45°C., the rate of 
cooling is 0 015° C. per minute; hence the corrected mean temperature 
for the first interval of one minute is 15-45 +0-015=15-465° C. At the 
mean temperature of 16-15° C., the rate of cooling is 0-035° C. per minute, 
and as the test has now proceeded during two minutes, the correction for 


Mean temperature during this fall = 
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the first interval must be added, giving a total correction of 0-015 +0-035 = 
0:05° C, The corrected mean temperature for the second interval of one 


Deg. Cent. 


oy 
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FIG. 365.—Graphs for an experiment with Callendar’s machine. 
minute is therefore 16-15 +0-05=16-2° C. The rates of cooling obtained 
from Fig. 366 are shown in column 4, the corrections to be applied in 


Fall per min. 
oO 


Fic. 366.—Correction graph, 


column 5, and the corrected mean temperatures are shown jn the last 
column. 


` 
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The upper graph (Fig. 365) shows the corrected mean temperatures, and 
represents what would be obtained experimentally if the conditions had 
been such that no heat was dissipated from the apparatus during the test. 
The final corrected temperature is 21-1° C. nearly ; the initial temperature 
is 15-1° ©. ; the rise in temperature is therefore 6-0° C. We now have: 

Work done against friction =(W -w +P)2DNg ergs. ; 

Heat developed =(M, +M.,)¢ calories, 
where ¢ is the rise in temperature. 
yaa = +P) 2 DN 
i (M,+M,)t 
__ 3730 x 22 x 15:2 x 403 x 981 
H 7 x 285°2 x 6 
=4:12 x 107 ergs. 


Natural sources of heat.—Heat, being a form of energy, cannot be 
created ; all heat is obtained from natural stores, or is produced by 
methods which depend for their working upon natural stores of heat. 
The most obvious natural source of heat is the sun. Direct heat 
from the sun is now being used for the production of mechanical 
work to a small extent in Egypt and America. The plan adopted 
is to concentrate the sun’s rays, by use of long parabolic mirrors, 
on a pipe containing water. The pipe serves as a steam boiler, 
and supplies steam to an engine. The sun’s heat is also respon- 
sible indirectly for the large stores of energy available in water 
collected in elevated lakes in hilly country. This water comes 
from rain-clouds which owe their existence to water evaporated from 
the sea by the heat of the sun. Winds are caused by unequal heating 
by the sun of large masses of air, and provide energy utilised in the 
driving of windmills. Volcanic heat is now being utilised for power 
production in Central Tuscany, where powerful jets of very hot 
steam ate discharged from cracks in the ground. This steam is 
employed instead of coal for heating the water in steam boilers, 
and the steam generated in the boilers is used for driving steam 
turbines, which provide motive power for electric generators. Three 
large installations on this system were put into operation in the 
year 1916. 

The principal commercial sources of heat are fuels. A fuel is any 
substance capable of chemical combination with the oxygen of the 
atmosphere, with the evolution of heat and light (i.e. combustion), 
and existing in quantities sufficient to be of commercial value. 
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Solid fuels.—Coal is the fuel in most extensive use at present. It 
consists of mineralised vegetable matter, and consequently its origin 
may be traced to the heat and light of the sun. The vegetation of 
past ages being buried in the earth undergoes compression and slow 
mineralisation. The first product is lignite—a coal of very poor 
quality. Anthracite is the most perfectly mineralised coal and con- 
sists chiefly of carbon. Bituminous coal is intermediate in com- 
position, and contains volatile constituents composed of compounds 
of hydrogen and carbon called hydrocarbons. Over 400,000,000 
tons of coal are mined annually in Europe. It is estimated that the 
European coal supply yet remaining is about 350,000,000,000 tons. 
The consumption of coal is increasing rapidly every year. 

The heat which may be produced by the complete combustion of 
one pound of good coal is about 8000 Centigrade heat units; this 
number is called the heating value of the coal. 

Other solid fueis are coke, produced by distilling coal in closed 
retorts; the volatile constituents are driven off, leaving coke, 
which consists of carbon and ash, the latter being the incombustible 
‘material present in the coal ; timber ; charcoal produced from wood by 
driving off the moisture and volatile matter by slow heating, leaving 
practically pure carbon ; peat, which is the remains of comparatively 
recent vegetation found in bogs. 

Liquid fuels——Mineral oils suitable for fuels are obtained as (a) 
crude petroleum, (b) paraffin oil ; these are both mixtures of various 
hydrocarbons. 

Crude petroleum is obtained by drilling wells in the earth’s crust ; 
the bulk of the supply comes from the United States and Russia. 
The crude oil is refined by distillation, giving gasoline, burning oils, 
oils suitable for gas making, and other materials. Light gasoline 
oils are used for driving motor vehicles; the heavier burning oils 
are also used. for operating engines. Crude oil is also used as fuel. 
The heating value ranges from about 10,800 for the lighter oils to 
about 12,500 for the heavier, both stated in Centigrade heat units 
per pound of oil. The extent of the world’s store of petroleum is 
unknown ; the consumption is enormous—about 60,000,000 tons per 
annum—and is increasing rapidly. 

Paraffin oil is produced by the distillation of bituminous shales 
and boghead coal. 

Gaseous fuels.—Ordinary lighting gas is produced by heating bitu- 
minous coal in closed retorts ; coke is a bye-product of the process. 
The gases driven off are purified, and are then available for lighting 
and heating. About 50 per cent. by volume of the gas is hydrogen, 
the remainder consists of various hydrocarbons and carbon monoxide. 
A ton of coal yields about 10,000 cubic feet of gas. The average 
heating value is about 300 Centigrade units per cubic foot of gas. 
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Various gases are manufactured for power purposes on the large 
scale. Among these may be mentioned Dowson gas, manufactured 
by blowing a mixture of air and superheated steam through incan- 
descent anthracite or coke. This gas has a composition by volume 
roughly as follows: Hydrogen, 19 per cent. ; carbon monoxide, 
25 per cent. ; nitrogen, 49 per cent. The heating value is about 
90 Centigrade units per cubic foot of gas. Mond gas is another 
power gas manufactured from cheap bituminous small coal by 
blowing air saturated with steam at 70° C. through the coal, 
which is kept burning at a dull red heat. The composition by 
volume is roughly as follows: Hydrogen, 28 per cent.; carbon 
monoxide, 12 per cent.; carbon dioxide, 15 per cent.; nitrogen, 
43 per cent. The heating value is about the same as that of 
Dowson gas. 

Natural gas is discharged from wells bored into the earth’s crust 
in certain localities. The heating value of American (Pittsburg) 
natural gas is about 550 Centigrade units per cubic foot of gas. The 
supply is giving out rapidly. 

Combustion of carbon.—In burning carbon completely to carbon 
dioxide, about 8040 Centigrade units are given out per pound of 
carbon. Theoretically about 12 pounds of air occupying a volume 
of about 155 cubic feet must be supplied; in practice from 18 to 
24 pounds of air are required. 

By limiting the supply of oxygen, carbon may be incompletely 
burned, producing carbon monoxide. In this process about 2470 
Centigrade units of heat are given out per pound of carbon. Carbon 
monoxide is combustible, and when burned completely the product 
is carbon dioxide ; it gives out about 5600 Centigrade units of heat 
per pound of gas. 

Combustion of hydrogen.—When hydrogen is burned, the product 
is water vapour. About 34,500 Centigrade units of heat are given 
out per pound of hydrogen. About 35 pounds of air, occupying 
about 450 cubic feet, must be supplied per pound of hydrogen. 

Hydrogen and other combustible gases and vapours may be 
exploded with violence when mixed with proper proportions of air. 
Carbon burns slowly unless it is powdered finely and mixed as a dust 
with oxygen, in which case an explosion may be produced. 

Some of the practical methods used in the determination of the 
heating values of fuels may now be studied. 

Heating value of coal.—In the Darling calorimeter, the heat evolved 
during the combustion of the sample of coal passes into a measured 
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quantity of water. The instrument is shown in Fig. 367. The 

sample of coal is first finely powdered and heated at 100° C. in an 

oven in order to get rid of moisture. About one gram is then weighed 
and introduced into a crucible C, which 
is held in clips at the top of a tube A. A 
bell-glass B encloses the crucible, and is 
clamped to a plate R. A gentle stream of 
oxygen is supplied to the bell-jar through 
a tube O. W, W are wires passing 
through the bell-glass stopper, and are 
connected at the lower ends by a piece 

_ of fine iron wire which dips into the coal. 
An electric current is used for ignition ; 
on passing the current through the iron 
wire, it is heated to incandescence 
(some of it generally burns) and ignites 
the coal. The vessel S contains a 
measured quantity of water, the tem- 
perature of which is measured by a 
thermometer T. 

The combustion is thus effected in an 
atmosphere of oxygen; the products of 
combustion pass downwards through A 
and escape into the water through a 
number of small holes. The resulting 


FIG. 367.—Darling calorimeter i E 
for testing the heating value of bubbles give up their heat tọ the water 


coal or other solid fuel, 
as they pass upwards. 


Let Q-=the heating value in calories per gram of coal, 
M =the mass of water used, in grams. 
M,=the water equivalent of the instrument, in grams. 
M,=the mass of coal burned, in grams. 
t, =the initial temperature of the water, C, 
t,=the final temperature of the water, C. 
Then Q= (M + M)(te ay ty) 
My 
Heating value of gaseous fuels.—In calorimeters of the Darling 
type, described above, a definite quantity of water is used, and the 
temperature of the calorimeter rises as the test proceeds, In testing 
gaseous fuels, calorimeters are used in which the heat evolved during 
the combustion is passed into water which circulates through the 
instrument. Arrangements are made so as to maintain, as steady 
as possible, both the flow of gas to the burner and the flow of water ; 
hence the temperatures remain nearly constant throughout the 
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experiment. The calorimeter: designed ° by Prof. ©. V. Boys is 
illustrated in Fig. 368, and is typical of this kind of calorimeter. 

The gas is burned at jets B; the products of combustion pass 
upwards into a bell H and then downwards through E, in which space 
Js a pipe coil M made of motor-car radiator tube. Circulating water 
enters the pipe coil at O, where its temperature is measured, passes 
through the outer coil N, then 
through the inner coil M. 
Leaving M, the water enters a f 
space K where it is thoroughly 
mixed before being discharged 
at P, where its temperature is 
again measured. The instru- 
ment is used in conjunction 
with an accurate gas meter. 
The quantity of water passed 
through the calorimeter during 
the test is discharged into 
graduated jars, and is so 
measured ; from this quantity 
and the rise in temperature, 
the heat evolved by the com- 
bustion of the measured 
quantity of gas is determined. 

Bomb calorimeter.—The ori- 
ginal form of the bomb calori- 
meter is the Berthelot-Mahler ; 
there are now several different: 
designs, one of which is shown 
in Fig. 369. Both solid and 
liquid fuels can be tested in 
this instrument, and.. very 
accurate results can he ob- 
tained on account of the com- 
pleteness of the combustion. 
The general principles are the same as those in the Darling type, 
but the combustion is effected in an atmosphere of highly com- 
pressed oxygen. . aap 

A is the bomb, and consists of a strongly made metal vessel fitted 
with a gas-tight cover B. The measured quantity of fuel is placed 
in a platinum crucible C held in a stiff wire loop D. Ignition is 
accomplished electrically by means of a fine iron wire F, supplied 
with current through leads D and E. After closing the bomb, oxygen 
under a pressure of 20 atmospheres is passed into it through the pipe 
G; the valve H is then closed and the pipe G is disconneeted. The 
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Fre. 368.—Section of Boys’s calorimeter for 
testing the heating value of gas. 
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bomb is then lowered carefully into a vessel K containing a measured 
quantity of water and fitted with stirrers L which are rotated by 
hand. The temperature is observed by means of a delicate thermo- 
meter T. Another vessel M surrounds K, the space between forming 
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Fia. 369.—Section of a bomb calorimeter. 


an air jacket; the vessel N surrounds M, and the space between is 
charged with water; a flannel jacket is wrapped round the outside 
of N. 

After ignition, the stirrers are operated until the temperature 
ceases to rise The heating value of the fuel is then calculated in 
the same manner as in the Darling calorimeter (p. 362). 


EXERCISES ON CHAPTER XXVII. 


1. Find the mechanical energy given out when one horse-power is 
maintained for one hour. Find the heat equivalent of this energy. State 
the result in lb.-deg.-Cent., lb.-deg.-Fah. and calories. 


2. Give a brief account of the evidence that we have for the statement 
that heat is a form of energy. 


3. A tank contains 4 gallons of water, and is fitted with a stirring 
arrangement which takes 0:28 horse-power to drive it. Supposing that 
all the work done is converted into heat and retained by the water. how 
long will it take to raise the temperature of the water from 15° to 25° C. ? 
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_4. A train has a mass of 200 tons, and reduces speed from 40 to 30 
miles per hour by application of the brakes. Assume that the whole of 
the work done against the frictional resistance of the brakes is converted 
into heat, and find this heat. State the result in Centigrade heat units. 


5. Give a brief description, with sketches, of Joule’s water-stirring 
experiment for the determination of the mechanical equivalent of heat. 


6. Give sketches and describe the Callendar machine, or any other 
eens appliance you are acquainted with for determining the value 
of J. 


7. Explain carefully how to apply cooling corrections in a calorimetric 
experiment. 


8. One pound of coal has a heating value of 8000 Ib.-deg.-Cent. By 
means of suitable machinery 500 gallons of water cart be raised to a height 
of 100 feet for each pound of coal burned. What percentage of the heat 
contained in the coal is converted into useftú work ? 


9. Name the principal solid fuels used in practice, and briefly describe 
each. 


10. Give a list and a brief description of the principal gaseous fuels. 


11. One ton of coal costs 22 shillings and has a heating value of 8000 
Ib.-deg.-Cent. units per pound. One gallon of petrol costs 2 shillings and 
has a heating value of 10,800 Ib.-deg.-Cent. units per pound; a gallon of 
petrol weighs 7:3 lb. Lighting gas has a heating value of 300 Ib.-deg.-Cent. 
units per cubic foot and costs 3 shillings per 1000 cubic feet: Which of 
these fuels gives the best heat value? Answer this question by finding 
for each fuel the heat obtained for one penny. 


12. How much heat is available by the combustion of 100 cubic feet of 
hydrogen having a heating value of 34,500 lb.-deg.-Cent. units per pound ? 
Take the weight of one cubic foot of hydrogen as 0-0056 Ib. 


13. Describe any experiment for the determination of the heating value 
of a given sample of coal. 


44. Answer Question 13 in relation to a given combustible gas. 


15. Answer Question 13 in relation to a sample of liquid fuel. The 
calorimeter described must be different from that chosen in answer to 
Question 13. 


16. Describe one method of determining the mechanical equivalent of 
heat. 

A calorimeter of copper (specific heat 0-095) weighs 122 grams. It 
contains 1680 grams of aniline oil (specific heat 0-5). The liquid is stirred 
by a rotating paddle which requires a couple of moment 10° dyne cm. to 
drive it. The temperature of the liquid is raised 8° C. after 450 revolutions. 
Calculate the mechanical equivalent of heat. 


17. One gram, of coal was burned in a Darling calorimeter containing 
1400 grams of water. The water equivalent of the calorimeter is 282 
grams. The observed rise in temperature was 4°C. Find the heating 
value in lb.-deg.-Cent. units per pound of coal. 
D.S P. 2A 
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18. In a test with a bomb calorimeter, 0-742 gram of petroleum was 
burned. The calorimeter contained 2000 grams of water and had a water 
equivalent of 720 grams. The rise in temperature was 2-98° ©. Find the 
heating value in lb.-deg.-Cent. units per pound of petroleum. 


CHAPTER XXVIII 


TRANSFERENCE OF HEAT 


Conduction.—If heat be imparted to one part of a body, other 
parts in its neighbourhood have their temperatures raised owing 
to heat being passed on to them. Thus heat is passed through 
the body from layer to layer without alteration in the relative 
positions of the parts of the body. The process has not yet been 
investigated thoroughly, and is called conduction. 


Expt. 77.—Conduction of heat along a wire. Coat the surface of a 
copper wire with paraffin wax, and heat one end of the wire in a flame. 
The conduction of heat along the wire may be observed by the melting of 
the wax. If the wire is short, the end remote from the flame becomes in 
a short time too hot to be held in the hand. 


Convection.— When heat is transferred from place to place by 
the actual motion of the hot body, the heat is said to be conveyed, 
and the process ‘is called convection. In most cases, convection occurs 
automatically. Thus, in fluids the portions of the fluid adjacent 
to the source of heat become hot. Expansion takes place, and 
the density of the hotter fluid becomes smaller than that of the 
colder portions of the fluid. Motion is then set up under the action 
of gravity, and the hotter portions of the fluid move away from 
the source of heat, thus permitting colder portions to approach 
the source and to become heated in turn. Thus heat is transmitted 
in convection by reason of currents of fluid approaching and 
receding from the source of heat. 

Expr. 78.—Convection currents in a liquid. The apparatus shown in 
Fig. 370 is intended to illustrate the convection currents in an appliance 
sometimes fitted to steam boilers. A is a glass vessel to which is fitted 
a glass tube B closed at its lower end; the upper end of B is nearly flush 
with the bottom of A. Another tube C of smaller diameter, open at both 
ends, is suspended centrally in B, its lower end being at a small height 
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above the bottom of B, and its upper end being a little below the surface 
of water which is contained in A and fills both tubes. On applying a 
flame gently at the lower end of B, the water there is warmed and expands ; 
the density decreases and an ascending current of warm water is established 
in the inner tube. At the same time a downward current of colder water 
passes from A through the space between the two tubes. Ultimately the 
whole of the water becomes heated by a source of heat applied at one part 
of the vessel only. 


Fic. 370.—Apparatus for showing the circu- FIG. 371.—Convection currents 
lation of water due to convection currents. in a gas. 

Expr. 79.—Convection currents in a gas. In Fig. 371, A is an ordinary 
incandescent electric lamp; B is a cardboard tube open at both ends. 
When the lamp is lighted, the air inside the tube near the lamp becomes 
heated and expands. Its density is thus diminished and an ascending 
current of air is established in the tube. The convection currents of air 
approaching the lower end of the tube and discharging from the upper end 
may be rendered visible by holding smouldering brown paper near the 
lower end of the tube. ‘This experiment illustrates the action of an ordinary 
chimney, in which the upward draught is caused by the diminished density 
of the hotter air inside the chimney as compared with that of the colder 
air outside. 


Radiation.—In radiation, heat is transferred from a source of heat 
to other bodies by a kind of wave motion in the ether, a medium 
which is assumed to fill all interstellar space as well as the spaces 
between the molecules of material bodies. The heat waves travel 
at very high speed ; on arrival at a body they become absorbed, thus 
producing the ordinary effects of heat. 


Expt. 80.—Radiation of heat distinguished from conduction and convection. 
Hold the hand a few inches below a lighted incandescent electric lamp. 
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The sensation of warmth perceived cannot be due to either conduction or 
convection, since there are ascending currents of air in the neighbourhood 
of the heated lamp (Expt. 79). The hand is thus surrounded by colder 
air streaming towards the lamp, and hence cannot be affected thermally 
either by conduction or convection. Radiation alone can account for the 
sensation of warmth. 


Thermal equilibrium.—aA body is said to be in thermal equilibrium 
when it receives and gives out equal quantities of heat in the same 
interval of time. Any heat leaving the body is balanced immediately 
by the entrance of an equal quantity of heat, and the temperature 
of the body remains constant. It does not follow that a body at 
constant temperature is not exchanging heat with other bodies, but 
only that the exchanges are equal. 

Temperature is the condition of matter which determines the direction 
in which the resultant flow of heat takes place. If a body A can 
exchange heat with another body B at a lower temperature, 
then the resultant heat flow always takes place from the body A 
at higher temperature to the body B. A certain quantity of heat 
passes per second from A to B, and a lesser quantity passes per 
second from B to A; ultimately both bodies arrive at the same tem- 
perature, when the exchanges of heat become equal. 

The theory of exchanges may be explained by considering a body 
surrounded by an envelope. According to this theory, the body 
continually gives out heat at a rate which is 
independent of the temperature of the enve- 
lope, and depends solely upon the temperature 
` of the body. Similarly the rate at which the 
envelope gives out heat depends upon its tem- 
perature and is independent of that of the 
body. Thermal equilibrium in both body and 
envelope is attained when the temperature 
of the body is equal to the temperature of 
the envelope. 

Thermal conductivity—Consider a large 
plate of a substance, having parallel faces 
ABCD and EFGH (Fig. 372). If the face ABCD ; 
be maintained at a temperature higher than that of EFGH, heat will 
flow by conduction through the plate in the sense from A towards E. 
The plate is supposed to be very large. so that the local effects of 


Fic. 372.—Conduction of 
heat through a plate. 
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heat escaping from the edges may be disregarded, and it may be 
assumed that sections of the plate taken parallel to the face ABCD 
have uniform temperature throughout. 

Let all the conditions be steady, and consider a cube K (Fig. 372) 
of one centimetre edge, embedded in the plate and having two faces 
parallel to ABCD. ‘The coefficient of conductivity, or the conductivity 
of the substance is defined as the quantity of heat flowing through 
the unit cube per second per degree difference in temperature of its 
opposite edges. 

Let Q=the quantity of heat flowing per second through the 


unit cube. 
t=the difference in temperature of the opposite faces of 
the cube. 
C=the conductivity cf the substance. 
Q 


Then C =>" 


Heat flow along an insulated bar.—In Fig. 373 is shown a metal 
bar AC, one end of which is heated by a bunsen burner. The portion 


Temp. 
F 


D ; E Length 


Fie. 373.—Conduction of heat along an insulated bar. 


BC is surrounded by non-conducting material, so that no heat entering 
this portion across the section at B can leave it otherwise than through 
the end C. Hence, if Q units of heat enter the bar at B, an equal 
quantity will leave it at C. Under these ideal conditions, the tem- 
perature will fall uniformly from B to C. The graph in Fig. 373 
is drawn by taking DF to be the temperature of the bar at B, and 
EG the temperature at C. The straight line FG is drawn, and shows 
the temperature of the bar at any point in its length. The fall in 
temperature per unit length is called the temperature gradient. 
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Let Q-=the heat flowing along the bar and discharged per 
second, in calories. 


a=the sectional area of the bar, in sq. cm. 
¢=the length of the bar, in cm. 
t, =the temperature at B, deg: Cent. 


99 29 237 C, 2? 


C =the conductivity of the material. 


ty = 


Then Temperature gradient =G -1h deg. Cent. per cm. ......(1) 


Also, Heat flow per second per sq. cm. of section =2, 


Q ty > ty aS Q 
. C= A p gg ounen (2) 
or qaa oag. E S (3) 


Equation (3) may be employed in calculating the heat transmitted 
through a plate, provided the temperatures t, and t, are known. It 
should be noted that there is difficulty in measuring the temperatures 
of the surfaces of a plate. Equation (2) indicates that experiments 
might be devised for determining the value of C for the material of 
a bar, but the difficulty of procuring a perfect heat insulator for 
surrounding the bar prevents the practical application of this method. 


Fic. 374.—Conduction of heat along a bare bar. 


Heat flow along a bare metal bar.—In Forbes’s method of deter- 
mining conductivity a bare metal bar AB is used (Fig. 374). The 
portion near the end A is maintained at constant temperature by being 
immersed in a bath of molten solder, and a screen C protects the 
remainder of the bar from being influenced by heat effects from the 
bath. The bar has a number of pockets, equally spaced, containing 
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mercury and fitted with thermometers. The temperature of the bar 
is raised above that of the atmosphere by the heat conducted along 
the bar towards the end B, and radiation takes place from the bare 
surfaces. The dissipation of heat which thus takes place is assisted 
by convection currents of air. The fall in temperature along measured 
lengths of the bar is thus greater than in the insulated bar discussed 
above. Ultimately, when conditions have become steady, and if the 
bar is long enough, there will be a section H at which the whole of 
the heat entering the bar at A has been dissipated into the sur- 
rounding atmosphere. The temperature 
of the bar between H and B will then be 
equal to that of the atmosphere. 


The temperature gradient may be shown 
by plotting the temperatures indicated by 
the thermometers (Fig. 374); the hori- 
zontal line DE represents the temperature 
of the atmosphere. The fall is more rapid 
than in Fig. 373, and atmospheric tem- 
perature is attained at G (Fig. 374). 

By cg : és A separate experiment is made on the 

ok sg ent rate of cooling of a short bar made of 

. the same kind of material, thus determining 

the heat dissipated at any temperature per square centimetre of 

exposed surface of the longer bar. From this information and from 

the temperature gradient graph in Fig. 374, the conductivity of the 
material is determined. 


Comparative conductivities —The following experiment enables a 
comparison to be made between the conductivities of various 
metals : 


Expt. 81.—Comparative conductivities by Ingen-Hausz’s method. Several 
rods of different metals are supplied. The rods are all of equal diameters 
and lengths, and their surfaces should be in the same state as regards 
polish. A trough A, shown in plan in Fig. 375, is also supplied; one end 
of each rod can be inserted through a hole in the side of the trough; the 
trough contains water which is brought to boiling, and a screen B protects 
the rods from the action of the bunsen flames. 

Coat each rod by dipping it into a bath of melted paraffin wax; when 
the coating has solidified, insert the rods in the trough. Bring the water 
to boiling; melting of the wax will take place over lengths of the rods 
which will depend upon their conductivities. When the water has been 
boiling for 15 minutes, measure the length of each rod from which the 
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wax has melted; the conductivities are proportional to the squares of 
these lengths. Thus 


C, è C, : C3, etc. =la : [a2 : ls etc. 
Express the conductivities of the rods in terms of the conductivity of 
the copper rod. 


_ The relative value of different heat insulators may be examined 
by means of the following experiment : 


Expt. 82.—Comparative value of heat insulators. A number of copper 
or aluminium vessels about 500 c.c. in capacity are prepared by fixing 
short pieces of metal tube about 2 cm. in bore to the centres of the top 
covers. This permits of thermometers being inserted. The vessels are 
completely covered, one with flannel, another with cotton-wool, another 
with felt, a fourth with asbestos, or any other heat insulator available. 
It is an advantage to have two other similar vessels, one having its bare 
surface brightly polished, and the other having its surface coated with 
lampblack. Arrange all these vessels on the bench in a place free from 
draughts, pour equal quantities of hot water into each through the top 
tube, using a funnel and being careful that no water is spilled over the 
insulating material. Insert thermometers, and read the temperatures at 
intervals of 5 minutes. 

Plot temperatures and time for each vessel on a single sheet of squared 


paper. The resulting graphs will indicate the relative values of the various . 


heat insulators employed, those which have the steeper curves being the 
poorer heat insulators. Make a list of the substances arranged in order 
of merit. 

The vessels having polished and blackened surfaces should be specially 
noted ; these are cases of radiation, and the results for them indicate that 
a polished surface provides a better heat insulator than a blackened one. 


Conductivity of liquids.—The conductivity of liquids has been 
determined by a modification of the method of Ingen-Hausz. Ex- 
periments on liquids present some difficulty on account of the con- 
vection currents which may be set up, thus preventing conduction 
alone from being examined. That water is a poor conductor of heat 
is rendered evident by the following experiment : 


Expt. 83.—Illustration of the poor thermal conductivity of water. Tie a 
weight to a small piece of ice and sink it to the bottom of water contained 
in a test tube. Incline the tube, and apply a small bunsen flame near the 
surface of the water, thus preventing to a large extent the setting up of 
convection currents. It will be found possible to have the water boiling 
near the top of the tube whilst the ice is still unmelted at the bottom, 
thus showing that but little heat is conducted through the water. 
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Conduction of heat through a plate.—Consider the heating of water 

in a kettle or other metal vessel. One side of the bottom of the 
vessel is exposed to the flame, and the other side is in contact with 

the water. No part of the metal bottom, however, has a temperature 

anywhere approaching that of the flame. This may be shown by 

sticking a strip of paper on the outside of the bottom, when it will. 
be found that the water may be boiled without charring the paper. 
The experiment indicates the existence of a thin film of comparatively 

cold gas in contact with the metal plate and practically at rest. It 

has been shown that the thickness of this film is approximately 

Jy inch.* Its existence may be further confirmed by the experiment 

of boiling water in a paper bag. 

We may therefore conclude that the temperature of the plate 
nowhere greatly exceeds the temperature of the water. A large 
Jrop in temperature occurs in the film of gas in contact with the 
plate. Gases are very poor thermal conductors, and this drop in 
temperature is necessary in order to cause the heat to be conducted 
through the film. ; 

‘On the water side of the plate there is a similar film of water in 
contact with the plate and adhering thereto. The bulk of the water 
-is heated by convection currents, but no such currents exist in this 
film. Heat is transmitted across it by conduction, but, as water is 
a better conductor of heat than gases, the drop in temperature is 
much less than in the gas film. 

The transmission of heat from the flame into the water therefore 
involves a very large fall in temperature in the gas film, and com- 
paratively trifling falls in the plate and the water film. In fact, 
the transmission is affected to a small degree only by the lack of 
perfect conductivity in the metal plate. 


Methods of increasing the transmission of heat through a plate.—It 
will be evident—and practical experience and experiment confirm the 
impression—that a much larger quantity of heat may be transmitted 
if the mass of hot gases be projected forcibly as a strong current 
against the plate. The effect is partially to remove the film of gas 
adhering to the plate. Thus this surface of the plate becomes raised 
to a higher temperature, and more heat is conducted. Rapid circu- 
lation of the water by artificial means on the water side will also 
assist the heat transmission by partially removing the adhering film 
of water. Thus we infer that in steam boilers the quantity of heat 


* « Heat Transmission,” Prof. W. E. Dalby, Proc. Inst. Mech. Eng. 1909. 
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transmitted per square unit of plate surface will be increased very 
largely by scrubbing both the hot gases and the water vigorously 
against the surfaces of the plate. 

The student will now understand the impossibility of arranging 
experiments on the determination of the conductivity of a metal 
by having a plate with, say, boiling water on one side and ice on 
the other. It is quite impossible to state the real temperatures of 
the plate surfaces, and without this information the conductivity 
cannot be estimated. 


Effects of oil and scale on heat transmission.—I{ one side of a thin 
plate be exposed to a flame and the other side coated with a poor 
thermal conductor, the temperature of the plate may approach more 
nearly to the temperature of the flame. An illustration of this 
occurs in an ordinary frying-pan. The oil used for frying is a very 
poor conductor, and the bottom of the pan is raised to a much higher 
temperature than would be the case if water were in the pan. The 
fact is evidenced by the comparatively 
rapid burning of the metal and the 
consequent formation of holes in the 
pan. For this reason oil must on no 
account enter a steam boiler. 

Many waters contain solids in solution, 
and when the water is evaporated the 
solids remain in the vessel and adhere to 
the plates, forming scale. Such scales 
are often very hard and are very poor 
thermal conductors, leading to burning of 
the plates. Steam boilers require periodic 
cleaning in order to remove the scale. 


Hot water supply.—In Fig. 376 is illus- 
trated the method in general use for ‘ 
supplying hot water to lavatory taps. A FIG. -agpi hot water 
is an open cold water tank from which 
the general supply of cold water is obtained, and is connected to a 
closed hot water storage tank C by a pipe B, which enters C near 
the bottom. The tank C is connected by a pipe D to a boiler E, 
which is usually placed at the back of the kitchen fireplace. The 
pipe D is connected to both C and E as low down as possible. 
Another pipe F is connected to the boiler near the top, and leads 
to the top of the storage tank C. The pipes D and F are called 
circulating pipes. Another pipe G leads from the upper part of 
C to the bath tap at H, and may have branches leading to other 
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taps at different parts of the house. K is a pipe for returning to A 
any water which may be thrown upwards from C by reason of ebul- 
lition or other causes, and also to get rid of air from the system. 
In working, the water in the boiler becomes heated, and its density 
is lowered. Convection currents are set up and warmed water 
leaves the boiler, ascends the pipe F and enters C; meanwhile a 
further supply of cold water travels downwards from C through D, 
and enters the boiler to be heated in turn. After a time it will 
be found that the water in the upper part of C has become hot. 
The colder, heavier water accumulates at the bottom of C; hence 
7 the reason for the cold water supply 
pipe B being connected to the lower 
: part of C, and also for the tap 
supply pipe being connected near 
the top of C. If the tap at H be 
opened, hot water will be drawn 
from the upper part of C, and an 
equal quantity of cold water will 
flow from A through B into the 
lower part of C. 


Heating buildings by hot water 
circulation.—The arrangement is 
shown in outline in Fig. 377. A is 
a boiler completely filled with water 

ma 377 Ae and generally situated in the base- 

~ puilding hy oe water. SA ment of the building. A pipe B 
leads the heated water into the 

room or rooms to be heated, where it travels along the pipe CD, then 
back along EF, giving up part of its heat to the air in the room. The 
transference of heat from the hot water to the room is effected by 
conduction of heat through the metal of the pipes, then principally 
by convection currents induced in the air in the neighbourhood of 
the pipes ; radiation of heat from the surfaces of the pipes plays a 
‘comparatively small part. The water is returned to the lower colder 
part of the boiler at G. H is an air pipe leading up to the roof, and 
allows air to escape from the system; a small automatic air valve is 
often substituted for this pipe, and closes when the pipe CD becomes 
hot. Further supplies of cold water may be admitted as required 
into the boiler by means of the valve at K. Cold air may be brought 
into the room through openings in the walls behind the pipes CD 
and EF, and is carried by convection currents throughout the room. 
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The heating surface may be made greater by connecting to CD, at 
intervals, groups of short vertical pipes; these are called radiators, 
although their action is principally due to the increase in surface 
from which convection currents arise. 

The system described above is employed also for heating grec n- 
houses. Since it is possible to maintain the temperature of a glass 
house in the neighbourhood of 15° C., it may be inferred that glass 
is not a very good conductor of heat, nor does it permit radiant heat 
to pass easily. This fact is further confirmed by the possibility of 
holding in the hand an ordinary drinking vlass containing liquid hot 
enough to scald the hand. 


Atmospheric circulation.—Circulation of the atmosphere— 
evidenced by winds—is caused by the air at one place being at a 
higher temperature, and thus having a lower density, than the air 
at adjacent places. Convection currents are set up by the warmed 
air ascending and colder air taking its place. The circulation of the 
atmosphere on the large scale is produced by reason of the higher 
temperature in equatorial regions. Lower currents of colder air 
flow from the temperate regions towards the equator, and upper 
currents of heated air travel away from the equator. When very 
large bodies of air are in motion, the directions of the currents are 
modified by the rotation of the earth. A current of air which would 
otherwise flow from the north to the equator along a meridian will 
reach a point on the equator westwards of the place over which it 
would have passed had the earth been at rest. This is owing to the 
motion of the earth’s surface from the west towards the east, and ~ 
also to the fact that the whirling velocity of the air accompanying 
the earth is lower at higher latitudes than the velocity at the equator. 
The result is a wind coming from the north-east instead of from due 
north in the northern hemisphere, and from the south-east in the 
southern hemisphere instead of from due south. These motions of- 
the air towards hot equatorial regions are known as the trade 
winds. i 

Land and sea breezes occur with great regularity in hot countries, 
and are caused by the greater specific heat of the sea compared with 

that of the land. During a hot day the land acquires a temperature 
considerably higher than that of the sea, but falls in temperature 
much more rapidly at night. The effect is to cause ascending 
currents of hot air from the land during the day, while cooler air 
comes from the sea to take its place, producing a sea breeze. The 
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effect is reversed at night, when the land cools quickly to a tempera- 
ture lower than the sea, and a land breeze blows. Winds, such as 
the monsoons in the Indian Ocean, may be produced in this way, 
a d extend in one direction or the other for definite seasons. The 
conditions required are a hot continent and a cooler ocean for sea 
breezes, produced in summer; and a cool continent and & hotter 
ocean for land breezes, which predominate in winter. 

Owing to heating of small portions of the earth’s surface, local 
ascending currents are often set up. It is difficult to make observa- 
tions of these currents ; in India the presence of such currents may 
be detected at certain times during the day by the circling and 
soaring flight of birds. The bird finds an ascending current and 
keeps circling in it without flapping its wings, with the result that 
it gradually ascends without any apparent expenditure of energy on 

its part. 


EXERCISn&S ON CHAPTER XXVIII. 


l. State the three ways in which. heat may be transferred from one 
point to another, and give examples of each. 


2. Give a sketch and explain the working of the ordinary household 
system for the supply of hot water to lavatory taps. . 


3. Describe briefly a method of heating a building by means of hot 
water. Give a sketch of the arrangement. 


4. Give a brief account of the cause of winds. Explain the phenomena 
of trade winds, land and sea breezes and monsoons. 


5. Define “thermal equilibrium ” ; state clearly what is meant by “ the 
temperature of a body.” One end of a long bare copper bar is maintained 
at a temperature 10° C. higher than that of the surrounding atmosphere. 


rags clearly what is occurring at various points along the length of 
the bar. 


6. Mention two cases in which it is advantageous to employ good 
thermal conductors, and other two cases in which it is advisable to employ 
poor thermal conductors. Give reasons for the fitting of a copper bottom 
to an ordinary kettle. The bottom of a steel frying-pan burns very readily ; 
explain the reason for this. ; 


_ 7. Calculate the quantity o? heat which wiil flow per hour through an 
iron plate 1:25 cm. thick. State the result in calories per square metre ci 
plate. The coefficient of conductivity is 0-14, and one face of the plate 
is at a temperature of 10° C. higher than that of the nnvosite face. 


8. Answer Question 7 in the case of a copper plate of the same thickness. - 


The coefficient of conductivity is 0-91. 


9. A current of gases at a temperature of 500° C. flows along one face 
of a wrought-iron plate 0-4 inch thick, and there is water at 100°C. in 
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contact with the cpposite face. It is found that 5000 Centigrade heat 
units pass through each square foot of the plate per hour. If the coefficient 
of conductivity is 0 14, find the temperature of the face of the plate which 
is exposed to the hot gases. Account for this temperature being much 
lower than that of the hot gases. 


10. Describe how the conductivity of a metal bar may be determined 
by Forbes’s method. 


11. Describe experiments by means of which the comparative con- 
ductivities of a number cf metal rods.may be found. 


12. Describe briefiy the passage of heat through the plates of a boiler ; 
what must be done in order to obtain and maintain the best efficiency of 
transmission ? 


13. A room has a glass window 2 metres high, 1 metre wide and 7 mm. 
thick. The room is kept at a temperature of 15° C., and the temperature 
outside is 0° ©. Assume that the temperatures of the two surfaces of 
the glass are 10° and 2°C. respectively, and calculate the quantity of 
heat which will pass through the glass per hour. The thermal conductivity 
of the glass is 0-0005. 


14. Define thermal conductivity, and explain how its value may be 
determined in the case of copper. L.U. 


15. Why is it difficult to make accurate measurements of the conduction 
of h2at in liquids ? Describe two experiments to illustrate the low thermal 
conductivity of water. Sen. Cam. Loc. 


16. Heat is conducted through a slab composed of parallel lavers of two 
different materials, of conductivities 0-32 and 0:14, and of thicknesses 
3-6 cm. and 4-2 cm. respectively. The temperatures of the outer faces of 
the slab are 96°C. and 8°C. Find the temperature gradient in each 
portion. L.U 


17. Define coefficient of thermal conductivity. Describe a method of 
comparing the coefficients of thermal conductivity of two good conductors 
and explain how the result would be deduced from the observations. 

If a metal bar is heated at one end, on what does the temperature at a 
point on the bar depend (a) before, (b) after, a steady state has been 
reached ? L.U.H.Sch. 


18. Give a brief account of the ways heat may be transferred from one 
place to another. 

A layer of ice, 20 em. thick, has formed on a pond. The temperature of 
the air is —10°C. Find how long it will take approximately for the 
thickness of ice to increase by 1 mm. (The thermal conductivity of ice is 
= 0-005 in the c.g.s. system of units when temperatures are expressed in 
= degrees centigrade.) ~ GVW, EE. 


19. An iron plate, 2-5 em. thick, has its faces covered with films of water 
each 0:10 mm. thick. {f the total fall of temperature through plate and 
films is 80° C. calculate (a) the fall of temperature through the plate, (b) the 
quantity of heat passing through 1 sq. metre of surface per hour. The 
thermal conductivity of iron is 0-112 and that of water 0-00154, both in 
C.G.S. centrigrade units. J.M.B., H.S.C. 


CHAPTER XXIX 


TRANSFERENCE OF HEAT—CONTINUED 


Thermal radiations. Radiation waves are given out by all bodies 

at all temperatures. If a piece of metal be heated in a darkened 
room, the waves at first are comparatively long and the periods of 
vibration great; the eye is unable to detect such waves and the 
body is invisible. As the temperature of the body is raised, the 
waves become shorter and the vibrations more rapid, and a point 
is reached at which the eye is able to detect the effects ; the body is 
then luminous. The only difference between the phenomena of 
light and radiant heat is that the eye is unable to perceive any effect 
until the temperature of the body has been raised EeTty ; ; the 
laws of transmission are the same. 

The laws of transmission of light will be found in a later section 
of this book. A brief statement of some of the laws of radiant heat 
is given here in order that reference may be made to the special 
methara of pice thermal radiations which may or may not be 
luminous. 

No material PAR is necessary for the transmission of thermal 
radiations.—This fact is evident from the consideration that heat is 
transmitted from the sun to the earth through space containing no 
ponderable matter. On a smaller scale, it has been illustrated by 
Sir Humphry Davy, who found that a platinum wire heated in a 
vessel from which the air had been extracted was capable of influ- 
encing thermometers placed outside the vessel. Another illustration 
is provided by the heating of the glass bulb of an incandescent 
electric lamp. An ordinary mercurial thermometer is not a very 
delicate instrument for the detection of thermal radiations, but may 
be made more sensitive to them by coating the bulb with dull black 
paint. As we shall see presently, a blackened body absorbs thermal 
radiations better than one having a polished surface. 


THERMAL RADIATIONS Set 


Thermal radiations are transmitted with the same velocity as light.— 
This fact has been proved by observations taken during total eclipses 
of the sun. Both the light and heat radiations from the sun are 
cut off simultaneously; hence the velocity of pro- 
pagation of heat radiations is the same as that of 
light, viz. about 186,000 miles per second. That the 
heat radiations from the sun are arrested during an 
eclipse also affords evidence that thermal radiations 
take place in straight lines. The heat rays are unable — 
to bend round the moon, and a heat shadow is 
produced, corresponding to and coinciding with the 
light shadow (Chap. XLI). ; 


Ether thermoscope.—The ether thermoscope (Fig. — 
378) affords a simple means of detecting thermal — 
radiations. Two glass bulbs, A and B, are connected 
by means of a bent glass tube. Air is withdrawn 
entirely and some ether is introduced ; the apparatus 
thus contains ether and ether vapour only. The bulb 
A is coated with dull black paint. Ether is a very 
volatile liquid, and any thermal radiations falling on #18: 378. Ether 
and being absorbed by the bulb A will be rendered . si 
evident by an increase in the pressure of the vapour contained ia 
this bulb. Consequently the level of the liquid ether at C will fall 
and that at D will rise. 

Thermopile.—Thbis instrument affords a sufficiently delicate means 
of indicating thermal radiations in many laboratory experiments. 
It consists of a number of 
bismuth and antimony bars 
arranged as shown in Fig. 
379, in which bismuth and 


and A respectively.. The bars 
B, and A, are soldered together 
at their front ends, and are 
otherwise insulated by mica 
sheets. A, and B, are soldered 
together at their back ends, 
. and are insulated elsewhere. 
The other bars are connected in similar fashion, thick lines repre- 
senting insulation. A, and B are soldered together at their back 
ends, as are also A, and B,, also A, and B,. An external electric 
circuit containing a galvanometer is completed by connecting wires 
to C and D (bars B, and A,). If the front ends of the bars be 
2B 


D.S.P. 


Fie. 379.—Arrangement of bars in a thermopile. 


antimony bars are marked B 
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heated, an electric current will flow at the front junctions from each 
bismuth bar to each antimony bar, and at the colder junctions at 
the back end the current will flow from the 
antimony bars to the bismuth bars. Thus 
a current flows from C down the first 
pile of bars; then from A, to B, and up 
the second pile; passing from A, to B, the 
current passes downwards through the 
third pile, then upwards through the left- 
hand pile and makes its exit at D. The 
arrangement gives a cumulative efiect to 
the electromotive force, and makes it 
much greater than could be secured by 
the use of a single pair of bismuth and 
antimony bars. Thus for a given differ- 
ence in temperature between the two ends 
of the thermopile, the current is greater 
than could be obtained by use of a single 
FIG. 380.—Thermopile. pair of bars. The ends of the bars are 
blackened so as to absorb radiant heat 
more readily. For a fuller discussion of the theory of the thermo- 
pile, the student is referred to the Part of the volume devoted to 
Electricity. | 
The pile is mounted as shown in Fig. 380. AB is the pile clamped 
to a stand which can be adjusted in height. Each end of the pile 
can be covered by a 
brass cap so as to 
prevent radiant heat 
reaching it. A metal 
cone C can be at- 
tached to one end of 
the pile; this cone 
screens the end of 
the pile from radiant 
heat coming from 
bodies other than 
that being tested, 
and also shields it 
from air currents. 


Expr. 84.—Thermal FIG. 381.—Rectilinear transmission of thermal radiations. 
radiations are trans- 


mitted in straight lines. In Fig. 381, A is a source of radiant heat, such as 
an iron ball heated to whiteness, or an electric lamp. B,C and D are 
bright tin screens, each pierced with a hole. E is a thermopile. Arrange 
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the screens so that the holes are in a straight line. Thermal radiations 
can then pass from A to the thermopile, and are indicated by the gal 
vanometer. If any one of the screens be displaced somewhat so as to 
put the holes out of line, it will be found that the galvanometer no longer 
indicates the reception of radiant heat by the thermopile. 


Reflection of radiant heat.—The law of reflection of radiant heat 


from a plane surface is the same as the law of reflection of light, viz. 
the angle of incidence is equal 


to the angle of reflection (Chap. Z R 
XLIII). This may be proved by ? 


the following experiment : B | D 


Expr. 85.—Reflection of radiant i 

heat. In Fig. 382, A is a source of | E 
heat and B and D are tin tubes ey ' 
arranged in plan as shown. E isa A IN 

thermopile, and C is a polished tin 
reflector. Remove the reflector, 
when it will be found that no indication of thermal radiation is given by 
the thermopile. Replace the reflector, and adjust it so that the thermopile 
gives maximum indication. It will then be found that the reflector is so 


situated that the angle of incidence ACN (CN is normal to the reflector) is 
equal to the angle of reflection ECN. 


FiG. 382.—Reflection of radiant heat. 


Refraction of radiant heat.—Radiant heat rays passing from one 

medium to another, e.g. from air to glass, change direction unless the 

incident ray is normal to the surface of the medium 

which the ray is about to enter. The law followed 

a is the same as that of light rays, viz. the ray after 

Air entering the medium is inclined at a smaller angle 

to the normal (Chap. XLV). This action is called 

refraction, and becomes evident in the case of heat 

B rays by the well-known application of the burning 

glass. An ordinary lens refracts sun rays to a 

Fic. 383.—Refraction point called the focus, and a piece of paper placed 

AE ce at the focus becomes scorched, showing that heat 

rays have been refracted. Window curtains have sometimes been 

ignited by refraction of radiant heat rays passing through a globe 
of water placed near the window. i 

If the solar spectrum, obtained by the refraction and dispersion 

of light through a prism, be examined by means of the thermopile, 
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it is found that the heating effect increases greatly as the red end of 
the spectrum is approached. But little heat is indicated at the violet 
end. Beyond the red end of the spectrum, where no light is visible, 
the greatest heating effect is obtained (Chap. XLIX). Since red rays 
have a much longer wave-length than violet rays, it may be inferred 
that non-luminous thermal radiations are of very long wave-length. 


The inverse square law.—The quantity of heat transmitted by 
thermal radiations from a source of radiant energy and received 
by a surface of given area is inversely proportional to the square of 
the distance between the source and the surface. 


i 
Expt. 86.—Proof of the inverse square law. In Fig. 384, A is a large 
Leslie’s cube, consisting of a copper box containing water which may be 


E > les 
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- FIG. 384.—Leslie’s cube. FIG. 385.—The inverse square law. 


maintained at boiling point by means of a bunsen burner. B is a thermo- 
pile arranged to receive heat radiated from one of the sides of the cube, 
and fitted with a conical hood. There is thus a cone of heat rays having 
its apex at the thermopile, and its base falls entirely on the side of the 
cube provided that the distance of the thermopile from this side is not 
too great. On varying the distance of the thermopile from the side 
of the cube, it will be found that the galvanometer readings remain 
constant, showing that the quantity of heat received by the thermopile 
does not vary. 

With the thermopile at B, (Fig. 385), the diameter of the base of the 
cone of rays is CD ; on moving the thermopile to B,, the diameter is EF. 
The action of the conical hood is to make the cones B,CD and B,EF 
similar ; hence the areas of their bases are in the ratio of OB,?/OB,?, and 
therefore the heating surface emitting rays which reach the thermopile 
varies as the square of the distance ; hence we infer that the quantity of 
heat reaching the thermopile from any unit area of the side of the cube 
varies inversely as the square of the distance. 
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Radiating power of a source of heat.—It is found that different 
surfaces maintained at the same temperature have varying powers 
of radiation. The radiating power of a given surface depends upor 
the nature of the surface and also upon the temperature, and is 
generally expressed in terms of a surface coated with lampblack, 
which is taken as 100. 


= 


Expt. 87.—Radiating powers of different surfaces. Use a Leslie’s cube 
having one side lampblacked, another side polished, another side dull 
copper and the last side papered. Water is kept boiling gently in. the 
cube A, and each side is 
presented in turn at the 
same distance from a 
thermopile B (Fig. 386). Sr, 

A delicate reflecting gal- ane DEEN 
vanometer C should be lal 4 
used, and a resistance box 

D should be inserted in the L eaa 
circuit. F1G. 386.—Determination of the radiating powers of 

With the cube removed peda oS 
or screened from the thermopile, adjust the galvanometer and scale so 
that the reading is zero. Then present the lampblacked surface to the 
thermopile, and adjust the resistance so as to obtain as large a galvano- 
meter deflection as possible. Wait until the scale reading is steady and 
note it. Make similar observations with the other surfaces of the cube, 
taking care in each case that the base of the cone of rays falls entirely 
on the surface, and to preserve unaltered the resistance of the circuit. 
The deflections of the galvanometer so obtained are proportional to the 
radiating power of the surfaces. 

The following experimental record indicates how the observations may 
be entered and reduced : 


EXPERIMENT ON RADIATING POWERS. 


Galvanometer 


Surface. felettes. Radiating power. 
Lampblacked - 442 100 
Polished - - 212 212 x 100=47-9 
Dull copper - - 348 343 x100 =78-7 
Papered ž - - 395 395 x 100 =89-2 


The emissivity of a given surface is generally defined as the quantity 
of heat given out per unit area in one second per unit temperature 
excess between the surface and its surroundings. It will be noted 
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from the above experiment that polished surfaces emit much less 
radiant heat than blackened surfaces. Advantage is taken of this 
fact in the construction of the vacuum vessel devised by Dewar for 
storing liquid air and other very cold liquids, and in thermos flasks. 
A double-walled glass vessel has the space between the walls 
exhausted of air, and the walls are silvered. The vacuum minimises 
conduction effects, and the mirror surface reduces radiation to a 
minimum ; hence such vessels keep practically constant the tem- 
perature of hot or cold liquids for a considerable period of time. 


Diathermancy.—When thermal radiations pass into a substance, 
some of the heat may be absorbed, as is evidenced by the temperature 
of the substance rising ; the remainder of the heat passes through 
the substance and emerges in the form of thermal radiations. The 
quantities of heat respectively absorbed and transmitted depend on 
the nature of the substance and on the wave-length of the thermal 
radiations. Substances which can transmit thermal radiations of a 
given wave-length are said to be diathermanous for those radiations. 
Substances which are unable to transmit thermal radiations of a 
given wave-length, but absorb them, are said to be athermanous for 
these thermal radiations. 


Glass affords an example of a substance which is diathermanous 
to one kind of thermal radiations and athermanous to another kind. 
Radiations from the sun pass through glass with but little reduction, 
and the glass remains cool; hence the high temperature inside a 
green-house exposed to the sun’s rays. On the other hand, thermal 
radiations from an ordinary fire are not well transmitted by glass, 
a fact which makes glass a valuable material for fire-screens. A 
glass fire-screen placed in front of a fire absorbs most of the thermal 
radiations and becomes very hot. Rock-salt is diathermanous to 
most non-luminous thcrmal radiations. 

In making experiments on diathermancy, care must be taken to 
state the character of the thermal radiations; in particular, the 
wave-length should be known, otherwise it is impossible to interpret 
the results. 

_A substance which shows considerable absorbing powers for a 
given kind of thermal radiations also exhibits correspondingly great 
powers of radiating the same kind of radiations. Thus a blackened 
surface both emits and absorbs radiant heat freely. A china plate 
having a white ground and a dark pattern has this appearance to 
the eye because the darker portions absorb light radiations and the 
white portions scatter them. If the plate be heated to a high tem- 
perature, it will be found that the initially dark portions have 
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become bright, and the formerly white portions are now dark, 


showing that those portions which are good absorbers are also good 
radiators. 


The transmitting power for thermal radiations of a given substance 
is the ratio of the thermal radiations transmitted through a unit 
cube of the substance to the thermal radiations incident normally 
on one face of the cube. Thus: 


radiation transmitted 


Tranan T radiation incident 


Expt. 88.—Transmitting powers of different substances. Use the Leslie’s 
cube and a thermopile arranged as in Expt. 87 (p. 385). Observe the 
galvanometer deflection and let this be 6,. Clamp one of the substances 
to be tested between the cube and the thermopile so as to intercept the 
thermal radiations. Again read the galvanometer deflection, 0, say. 
Measure the thickness ¢ cm. of the substance. Then 


] 

Transmitting power =T = (5) ii 

In this manner determine the transmitting powers of colourless, blue 
and red glass. yà 

The above equation may be obtained as follows: Suppose that the 

galvanometer deflection is 0 when no substance is interposed between the 

source of thermal radiation and the thermopile, and that the deflection 

is 9, when a plate 1 cm. thick is interposed. Then 


A 
‘aaa 
If the quantity of heat incident on the plate is Q, then the quantity 
transmitted will be 6, 


Ba! ie 
Suppose that the heat emerging from this plate is 
received by a second plate of unit thickness in contact 
with the first plate (Fig. 387), then the heat transmitted by 
the second plate will be gi 
Qt x1l.=QT*. pre 


If the galvanometer now gives a deflection of @,, the heat transmitted 


will be Q as Hence QT?=Q A 


or T=. 
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In the same way, if three plates of unit thickness be employed, and if 
the galvanometer deflection is 0, then 


E 
a] 9s 
T=\G 
Hence, in general, if the thickness of the plate be ¢ cm., and the galvano- 
meter deflection ĝt, 1 
Eo 
=| e 


Diathermancy of liquids and gases.—By substituting a cell charged 
with a given liquid for the plate in Expt. 88, the absorbing pro- 
perties of the liqud may be examined. Experiments show that 
pure water is very opaque to radiant heat, and salt water almost 
equally so. 

Tyndall, in his experiments on the diathermancy of gases and 
vapours, used a tube which could be charged with the gases to be 
examined ; the ends of the tube were closed with plates of rock salt, 
which absorbed but little of the thermal radiations. The source of 
heat was placed at one end of the tube and a thermopile at the other 
end. The apparatus was rendered more delicate by having the 
thermopile fitted with a funnel at each end, one directed towards 
the experimental tube and the other: towards a second source of 
heat which could he adjusted so as to nullify the thermal effects on 
the thermopile of the rays emerging from the experimental tube. 
The tube was first exhausted and the second source of heat arranged 
so as to Fring the galvanometer needle to zero. The tube was then 
charged with gas and any deflection noted. 

In this way it was shown that pure dry air, oxygen, nitrogen and 
hydrogen absorb but little radiant heat ; olefiant gas and ammonia 
absorb a large quantity. If the heat absorbed by air is denoted by 
unity, that absorbed by ammonia is nearly 1200. 


EXERCISES ON CHAPTER XXIX. 


_ 1. Give a brief explanation of the transmission of heat by radiation. 
Give any evidence you know of for the statement that no material sub- 
stance is required in this method of heat transmission. 


2. What evidence have we for stating that heat is radiated with the 
same speed as light ? : 


4 3. Give sketches and describe the construction and action of a thermo- 
pile. 


_4. Describe an experiment showing that thermal radiations are trans- 
mitted in straight lines. 


_ 5. How would you show that the law of reflection of thermal radiations 
is the same as that of the reflection of light ? 
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6. Explain how you would show that solar heat rays can be refracted. 


7. Show how to prove experimentally that the radiant heat received by 


a given surface is inversely proportional to the square of the distance of 
the surface from the source of heat. 


__8. Describe how you would compare the thermal radiating powers of 
different surfaces. 


9. Describe the construction and explain the principles involved in a 
Dewar flask. 


__10. Explain briefly the meaning of the term diathermancy. Give some 
illustrations. Describe how to compare the absorbing powers of two 
partially transparent substances for radiant heat. 


li. What evidence have we for stating that good radiators are also 
good absorbers of heat ? 


12. Describe how you would determine the transmitting power for 
thermal radiations of a given substance. 


13. State the ways in which a hot body loses heat. Give some practical 
examples showing how these losses are made as small as possible. © 


14. Explain the heating of a green-house by the sun. Why are fire, 
screens sometimes made of glass ? 


15. A beam of radiant heat of a definite wave-length loses 0-12 of its 
energy in passing through 1 mm. of glass. What is the intensity of the 
beam after it has passed through 2-5 mm. of glass ? l 


16. Mention three facts bearing upon the similarity in character between 
light and radiant heat. t ie EENE 

Describe generally the changes in character of the radiation from a body 
as it is raised from the ordinary temperature to white heat. DE” 


17. How can it be shown experimentally that heat radiation from a hot 
body obeys the same laws of reflection and refraction as light ? 

Explain why the space between the inner and outer walls of a thermos 
flask is evacuated, and the walls silvered. What additional advantage is 
gained by placing the flask in a polished aluminium container lined with 
thick felting ? Give reasons for your answer. C.W.B., H.C. 


18. One surface of a flat metal plate, 1 sq. metre in area and 1 em. thick, 
is maintained at 60° C., while the other is exposed in a room where the 
temperature is 15°C. The emissivity of the exposed surface of the plate is 
0-0006 cal. per sq. cm. per sec. per deg. C. of excess temperature while the 
conductivity of the metal is 0-12 cal. per cm. per sec. per deg. ©. Find the 
quantity of heat given to the room per hour. What conclusions can you 
draw from your calculations concerning the effect on the quantity of heat 
given to the room of (a) the nature of the surface of the plate, (b) the 
material of which the plate is made ? J.M.B., H.S.C. 


19. A silver disc fitted with a device for indicating its temperature is 
suspended in front of a gas fire. The side facing the fire is blackened and 
the reverse side is highly polished. (a) Draw a graph showing how you 
would expect its temperature to change from the moment at which it is 
placed in this position. (b) Show how you would determine the number 
of calories which it receives per second from the fire. J.M.B., H.S.C. 


CHAPTER XXX 


PROPERTIES OF GASES 


Distinction between vapours and gases.—Substances in the gaseous 
state may exist either as vapours, or as permanent gases. The permanent 
gas was supposed at one time to remain in the gaseous state under 
all conditions of pressure and temperature ; it is now known that 
all gases may be liquefied by means of increasing the pressure and 
diminishing the temperature. A vapour may be condensed by 
increase of pressure without reduction of temperature. The same 
substance, when far removed from the conditions of easy lique- 
faction, may be described as a permanent gas. Oxygen, hydrogen, 
nitrogen, air and several other gases are examples of permanent 
gases when under ordinary atmospheric conditions of pressure and 
temperature.» Steam in an ordinary kettle containing some boiling 
water can be condensed by pressure alone, and is an example of a 
vapour. te; 

Pressure of a gas.—As has been noted already (p. 353), the mole- 
cules of a substance in the gaseous state are in rapid motion and 
move about in all directions inside the vessel containing the gas. 
The continual bombardment by the molecules produces forces dis- 
tributed over the walls, and the total force exerted on unit area is 
called the pressure of the gas. The pressure of the atmosphere 
is rendered evident by the barometer, an experiment on which is 
described on p. 259. 


The height of the mercury column in a barometer at any given 
time depends on the atmospheric conditions then existing ; 76 cm. 
at 0° C. is taken as a standard. The weight of mercury is about 
13-59 grams per cubic centimetre ; hence the standard height corre- 
sponds to a pressure of 76 x 13-59=1032-8 grams wt. per square 
centimetre, or to 1:0328 kilograms wt. per square centimetre. In 
reading the barometer it is customary to state the height of the 
mercury column only ; the pressure is proportional to this height. 


> 
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_ One atmosphere is often taken as a unit of gaseous pressure ; it 
is the pressure produced by a mercury column 76cm. in height 


at O° C. From the above calculation it will be 
seen that a pressure of one atmosphere is 
equivalent roughly to one kilogram per square 
centimetre. In the British system one atmosphere 
of gaseous pressure is generally taken as equiva- 
lent to 30 inches of mercury (76-2 cm.), which is 
equivalent to a pressure of nearly 14:7 lb. per sq. in. 

In meteorology, the unit employed is the bar; 
one bar=10® dynes per sq. cm.; one millibar = 103 
dynes per sq. cm.; 1000 mb. are equivalent to a 
- mercury column of 75 cm. (29-53 inches); 1016 mb. 
are equivalent to a mercury column of 30 inches. 

As has been explained on p. 268, the pressure of 
a gas may be stated as so much above or below the 
pressure of the atmosphere as shown by a barometer 
at the time of observation ; pressures so stated are 
called gavge pressures. The absolute pressure of a gas 
is measured from perfect vacuum, t.e. a space con- 
taining no gas and therefore having absolute zero 
of pressure. The absolute pressure may be calcu- 
lated by adding the pressure of the atmosphere to 
the observed gauge pressure. 

Forms of barometer.—In Fortin’s standard baro- 
meter (Fig. 388) a screw A is fitted to the mercury 
cup so as to enable the level of the mercury in the 
cup R to be brought into coincidence with a fixed 
point P before taking the reading. The upper part 
of the case is furnished with a scale, the zero of 
which is at the same level as P, and a sliding vernier 
operated by means of a thumb-screw B. Mirrors 
are fitted behind the cup R and the scale S. To 
read the instrument, first adjust the level of the 
mercury in the cup R; bring the eye to the level of 
the top of the mercury column (the mirror aids this), 
and operate the screw B until the top of the vernier 
coincides with the top of the mercury column. 
Readings of the scale and vernier are then taken. 
The thermometer fitted in the case should also be 


Fi. 388.—Fortin’s 
barometer. 


read: a knowledge of the temperature permits of a correction being 
applied for the altered density of the mercury due to expansion 
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In the aneroid barometer (Fig. 389) the action depends on the 
movements of the flexible top and bottom of a circular closed box 
A under the changes of atmospheric pressure. A 1s fixed to the 
base-plate of the instrument, and is exhausted of air as thoroughly 
as possible; its top side is connected at B to a powerful spring C. 
C is held in a bracket which is secured to the base-plate at D, and 
has two bearing screws at E and F. A rod GH, fixed to the spring 
at G, communicates any rise or fall of the spring through the lever 
system HK, KL, LM to a fine chain MN, which is wrapped round the 

spindle carrying a pointer P. P moves over a graduated dial divided 


FIG. 389.—Arrangement in an aneroid barometer 
to show centimetres, or inches, of barometric height corresponding to 
the readings of a mercurial. barometer. A hair-spring at R keeps 
the fine chain taut. Q is an adjusting screw whereby the effective 
length of the lever arm KL may be altered. E and F also serve as 
adjusting screws. 

Aneroid barometers are liable to changes by reason of alterations 
in the elastic qualities of the metal of which the box A and the spring 
C are made. It is necessary to check them at frequent intervals by 
comparison with a mercurial barometer. A recording barometer or 
barograph may be constructed by connecting a lever carrying a pen 
to the rod GH ; the pen draws a curve on a piece of paper wrapped 
round a drum which is driven by a clock. Ordinates on the resulting 
chart show barometric heights and the abscissae show time. 
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Errors in a standard mercury barometer.—The standard barometric 
height with which other barometric readings are compared is 76 cm. 
of mercury at 0° C., the instrument being at sea-level at latitude 45°. 
The observed barometric height is corrected as follows : 


L. Correction for the altered density of the mercury due to expansion 
(Fig. 390). 
Let h=the observed height in cm. at ¢° C. 


họ=the height in cm. which would produce the same 
pressure at 0° C. 


d=the density of the mercury at £ C. 
dọ=the density of the mercury at 0° C. 
Ba=the coefficient of cubical expansion of mercury 


=0-000181. 
Then hd = hoda: 
Also dy=d (1+ at), (p. 333) ; 
Bete SS) | ee (1) 


The correction for the altered density of the mercury is therefore . 
effected by multiplying the observed height by (1 — Bat). 
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FIG. 390. FIG. 391. 


2. Correction for the expansion of the scale. In the Fortin barometer 
the scale is carried by a brass tube A (Fig. 391). On the temperature 
being raised, the length of this tube increases ; hence the height as 
shown by the scale will be too small at all temperatures higher than 
0° C. 

Let h=the observed height in cm. at t° C. 

- hg=the height in cm. which would be observed if the scale 
were at 0° C. 


a=the coefficient of linear expansion of brass =0-000019. 
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The change in length of the tube A due to a fall in temperature 

from t to 0° C. is hat; hence | 
ho=h+hat=h(i + Al). serrer (2) 


Therefore the observed height must be multiplied by (i+at) in 
order to obtain the height free from errors due to the expansion of 
the scale. 

The height h, corrected for the expansion of both mercury and 
scale may be obtained in one calculation. Let h be the observed 
height, then hy=h(1 — Bat)(1 + at) | 

=h(1+at—Bat— Paat’). - 

The term involving 64a may be neglected, as both Sq and a are 
very small quantities. Hence we may write 

hy=h{1+t(a-Pa)} a 
= h {1 + ¿(0-000019 — 0-000181) } 
=h (1 --0-0001621). os seseseseseeseseseserenetenseens (3) 


3. Correction for the variations of gravitational effort on the mercury. 
The value of the acceleration g due to gravity depends upon the 
latitude and upon the elevation above sea-level (p. 35); therefore 
the weight of the mercury per cubic centimetre is not constant. If 
the barometer is situated at a height H metres above sea-level at a 
place in latitude A, then the observed height may be corrected for 
latitude 45° by multiplying it by 

1 —0-0026 cos 2A —O-O000002H. .........ssseseccceeeeee (4) 

This correction amounts to 0-13 mm. per 1000 metres above 
sea-level, to be deducted from the observed height. 

4. Correction for the vapour pressure of the mercury. ‘The pressure 
of the vapour of mercury in the tube above the column tends to 
depress the column. The correction is very small and amounts to 
an addition of 0-0002¢ cm., where ¢ is the temperature Centigrade. 

5. Correction for capillarity. Surface tension tends to depress the 
mercury column; the effect is more marked in a tube of narrow 
bore. The method of cleaning the inside of the tube also influences 
the amount of depression. The correction is constant. for a given 
instrument, and is best obtained by comparison with a standard 
barometer ; it is usually of the order of 0-002 cm., to be added to 
the observed reading. 


Types of pressure gauges.—A pressure gauge is an appliance for 
measuring the gaseous pressure inside a closed vessel. In general, 
pressure gauges indicate the difference between the gaseous pressure 
inside the vessel and the pressure of the atmosphere. If the difference 
is small, such as would be the case in a pipe conveying illuminating 
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gas, or in a boiler chimney, a simple form of U gauge suffices. A 
chimney gauge is shown in Fig. 392, and consists of a glass U tube 
A containing some water and having a scale attached by means of 
which differences in water level in the 
two limbs may be read. The tube is 
connected to an iron pipe BC, which 
passes into the interior of the chimney ; 
the other limb of the tube is open. In 
action the superior pressure of the 
atmosphere causes a change in the sur- 
face levels of the water as shown. The difference in levels / is called 
the chimney draught, and is stated usually in inches of water. If 
the difference in levels is considerable, mercury may be used. The 
absolute pressure inside the vessel may be calculated by adding 
algebraically the barometer reading to the reading of the pressure 
gauge, first dividing the latter 
by 13-59 if water has been 
used in the gauge. 

Pressure gauges for indicat- 
ing high pressures, such as 
that in a steam boiler, are 
usually of the Bourdon type. 
The action in these gauges 
depends on the tendency 
which a curved, partially 
flattened tube has to become 
straight when subjected to 
internal pressure. 


TIG. 392.—U pressure gauge. 


Expt. 89.—Bourdon action. 
Attach a piece of rubber tube 
about a yard long to a water 
tap; close the outer end by a 
Fie. 393.—Interior parts of a steam pressure clip, or a piece of glass rod; 

eras bend the tube into a curve lying 
on the table. Quickly open the water tap, when it will be found that 
the rubber tube, which has been slightly flattened by the bending, will 
distinctly show movement in the attempt to become straight. 


The interior parts of a Bourdon pressure gauge are shown in Fig. 
393. A is a flattened tube of hard, solid-drawn phosphor bronze 
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secured to a bracket B, which has passages in it forming the steam 
inlet to the tube. The free end of the tube is closed, and is connected 
by means of a short link C to a small-toothed sector D. The sector 
gears with a pinion on the spindle E, which carries a pointer travelling 
over a scale of pressures marked on the outside of the case. 

- Bourdon gauges show the difference between the pressure inside 
the vessel and the pressure of the atmosphere. If the pressure 
inside the vessel is lower than that of the atmosphere, the gauge is 
called a vacuum gauge, and the dial is graduated in inches or centi- 
metres of mercury so as to facilitate the process of calculating the 
absolute pressure. The absolute pressure is obtained by deducting 
the vacuum gauge reading from the observed barometric height. 
For example, if a vacuum gauge reads 72 cm. at a time when the 
barometer stands at 75-8 cm., the absolute pressure inside the 
vessel is 3-8 cm. of mercury. 


Boyle’s law.—This law has already been enunciated (p. 269), and 
is stated again for convenience of reference. The absolute pressure of 
a given mass of any gas varies inversely as the volume, provided the 
temperature remains constant. Taking a given mass of gas under 
conditions of absolute pressure and volume, p, and v, let these be 
changed, at constant temperature, to any other conditions, p, and 


Ae fi Pame: Vp 
or ’ PA = Re? 2? , 
The law may be written pv=a constant. ar 


Boyle’s law is not followed by vapours, but is very closely obeyed 
by the permanent gases. A perfect gas is an ideal gas which is 
imagined to obey Boyle’s law. | AE 


+ 


Expt. 90.—Verification of Boyle’s law. Reference is made to Fig. 394. 
A graduated burette A, of 100 c.c. capacity, is closed by a well-fitted tap 
at the top, and is connected to a reservoir of mercury B by means of a long l 
piece of thick rubber tubing C. The burette scale is assumed to be so 
constructed as to show the volume of the gas enclosed between the tap 
and the surface of the mercury. The 100 c.c. scale division: is near the- 
lower end of the burette. If the seale is arranged otherwise, a preliminary 
experiment must. be made in order to determine the volume between the 
highest scale division and the tap. The reservoir B may be clamped to a 
support at any convenient height, and has a small side branch D which 
travels vertically in close proximity to a scale E when B is raised or 
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lowered. The device enables the level of the mercury in the reservoir to 
be read on the scale. The level of the mercury in the burette may be read 
on the scale by employing a U tube containing some mercury and having 
both limbs open. The mercury levels F and G' (Fig. 394) are in the same 
horizontal plane; the tube is held so that one limb is close to the burette 
and raised or lowered so as to obtain coincidence of mercury levels in this 
limb and the burette ; the other limb is held close to the seale, and the scale. 
reading at the mercury level in this limb gives 
the level of the mercury in the burette. 

The burette is charged with dry air at 
atmospheric pressure in the following manner. 
Open the tap and raise B; the mercury level 
will rise in A, expelling the contents of the 
burette. Stop raising B when the mercury 
level in A is just below the tap. Now lower 
B slowly, when the mercury level in A will fall 
again, and air will be drawn through calcium 
chloride contained in the tube above the tap; 
the calcium chloride abstracts moisture from 
the entering air. Adjust the height of B and 
clamp it so that the level of the mercury in A 
is at the 100 c.c. mark; since the mercury is 
at the same level in both A and B, it follows 
that the air in A is at the same pressure as 
that of the atmosphere. Close the tap, thus 
isolating the contents of the burette. 

The initial volume of the inclosed air is 
100 c.c. and its absolute pressure may be 
obtained by reading the barometer; let this 
be hı cm. of mercury. The volume of the air 
in the burette may be diminished by raising B. 
The compression of the air may be accompanied 
by a rise in temperature, and the volume ‘lea ing Doleaaie. ie 
should not be read until two or three minutes e 
have elapsed ; the interval permits of the temperature of the air in the 
burette to fall again to the temperature of the room. » It is advisable to 
have a thermometer attached to the burette; this will enable any altera- 
tion in the atmospheric temperature in the neighbourhood of the burette 
to be observed. Let v be the observed volume of the enclosed air in cubic 
centimetres. — 

The level of the mercury in B is now higher than that in A. Read each 
_ level on the scale and take the difference; let this be Z cm. Since the 
pressure on the surface of the mercury in B is h, cm. of mercury, the 


pressure on the surface of that in A will be (i +7) cm. of mercury. 
D.S-P. 20 A 
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If Boyle’s law is being followed by the enclosed air, the product (h, +l» 
will be equal to the product of the initial pressure and volume, viz. h, x 100. 
Make eight or ten experiments, increasing the height of B progressively. 
Take readings also when the height of B is decreased through the same 
steps. Tabulate the readings and results as follows : 


EXPERIMENT ON BOYLE’S LAW FOR DRY AIR. 


Height of barometer = — cm. (A). 
PRESSURE INCREASING. | 
Temp. of room Vol. of air Difference in Pressure ((+/)) Products 
Cent. v CC. levels, l cm. cm. of mercury. (L+hy)v. 


| 
a 


A similar table should be made for diminishing pressures. The products 
in the last columns will be found to be equal, or nearly so. 

Plot a graph in which the pressures (J +,) are plotted as ordinates, and 
the volumes v as abscissae. 


Graphs for illustrating Boyle’s law.—The graph of the equation 
pv=a constant, represents Boyle’s law, and is a rectangular hyper- 
bola. It may be plotted from experimental data as in Expt. 90, 
or initial conditions of pressure and volume may be assumed, and 
values of p corresponding to a sufficient number of other values of v 
may be calculated. The following method is useful. 

Let psc. 

Take logarithms of both sides, giving 

log p+ log v=log c, 

or 7 log p= -log v+log c. 

The graph for this equation is a straight line. Ascertain if this 
is so by plotting the logarithms of (1+h,) and of v from the experi- 
| . mental data obtained in carrying out 
my Expt. 90. 

A B D The following geometrical method of 
drawing a rectangular hyperbola is 
useful. In Fig. 395 set off OA along 
OY to represent p,, and OC along OX 

C to represent v, to convenient scales of 
pressure and volume. Make OE=v,, 
and complete the rectangles OABC and 

o G E x OADE. Join OD cutting CB in F, and 

FIG. 395. draw FG parallel to OX. Then EG is 
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ei a 


equal to p., and G is a point on the rectangular hyperbola. The proof 
is as follows: Since the 


triangles OCF and OED Pressure 
are similar, we have 
eC :OC =DE : OE; 
EG :OC=BC : OE. 
But OC=v,, 
BC =), 
and OE =, : 
E EG: U =P] : Uo, 


~ 


~ 


> 


neo he oT 
: 


v 
or EG eit =p a 
a 2 
2 oe pa ee 
? L aE nae ogee 
Other points may be RR ie 
found in a similar manner 
giving the complete curve 
shown ‘in Fig. 396. n 
Such curves, represent- 
` ; > FIG. 396.—Boyle’s law curve drawn by means of a 
F 
mg operations carried geometrical construction. 
out at constant tempera- 
ture, are called isothermal curves; the operations of expansion or 
compression are called isothermal operations. 
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EXERCISES ON CHAPTER XXX. 


1. Distinguish a vapour from a perfect gas. What is the pressure of 
a substance in the gaseous state due to ? 


2. If the barometer reads 74:32 cm. of mercury, what is the pressure 
of the atmosphere in grams wt. per square centimetre ? 


3. An oxygen cylinder is ‘charged to a pressure of 120 atmospheres. 
What is the pressure in lb. wt. per square inch ? 


4, Give a sketch and description of a standard mercury barometer. ~ 


5. Describe, with sketches, the construction of an aneroid barometer. 
Criticize the accuracy of this type of barometer. 


6. A standard mercury barometer reads 76°21 cm. at 15°C. Correct 
this reading for expansion of the mercury and scale. This barometer is 
situated at a height of 500 metres above sea-level in latitude 50°. Obtain 
the constant gravitational correction for this station. 


7. A U gauge attached to a boiler chimney reads 0°8 inch of water. 
The barometer reads 29°45 inches of mercury. What is the absolute 
pressure inside the chimney ? 


8. Describe the construction and action of a Bourdon pressure gauge. 
Give a sketch. 
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9, State Boyle’s law for gases. How would you prove it experi- 

mentally ? 


10. A volume of 1 cubic foot of gas at an absolute pressure of 150 Ib. 
wt. per square inch expands at constant temperature. Find the pressure 
when the volume is 2, 3, 4, 5, 6 cubic feet. Plot a graph showing the 
relation of pressure and volume. l 

11. Take the numbers obtained in answer to Question 10 and draw a 
graph by plotting the logarithms of the pressures and volumes. 

12. Use a graphical method for drawing an isothermal curve for a gas 


expanding from a volume of 2000 c.c. at an absolute pressure of 15 atmo- 
spheres down to a pressure of 3 atmospheres. : 


13. An anercid barometer reads 30-15 inches at ground level. When 


taken to the top of a tower, the barometer reads 30-06 inches. Calculate 


the height of the tower if the density of the air at the time was 0-00125 : 


gram per c.c. and that of mercury 13-6. 


14. Describe carefully an experiment to determine the relation between 


the pressure and the volume of a given mass of gas at constant temperature. 
f Tasmania Univ. 


15. The cross-sectional area of the mercury column'in a barometer is 
1:2 sq. cm. ; the length of the vacuum at the top is 8 cm. when the haro- 


$ 


meter reads 764 mm. Calculate the volume of external air which must - 


be introduced into the tube in order to cause the height of the column of 
me.cury to become 382 mm. . 


16. Describe the principle of the mercury barometer. 


A mercury barometer is in the receiver of an ordinary air pump, and at- 


first its height is 76cm. After two strokes the height is 72cm. What will 


it be after 10 strokes ? (Volume of barometer is insignificant compared 
with volume of receiver.) Tasmania Univ. © 


17. Distinguish between the aneroid and the mercury barometer, and 
explain the principle of each. 

The height of the barometer is 29 in. and the specific gravity of mercury 
is 13-6. A cylindrical metal vessel is closed at one end with a glass plate 
cemented on to the metal. The internal diameter of the vessel is 6 in., 
and the greatest weight that the glass plate will bear is 200 lb. Find the 
least pressure to which the air inside can be exhausted without breaking 
the glass. (A cubic foot of water weighs 624 lb.) C.W.B., H.C. 


18. State the law connecting the volume and pressure of a gas when its 
temperature is maintained constant. A cylindrical diving bell whose length 
is 5 feet is lowered to the bottom of a river on a day when the atmospheric 
pressure at the surface is equivalent to 32 ft. of water. The water is found 
to rise 1 ft. in the bell. Find the depth of the river. J.M.B., H.S.C. 


19. State Boyle’s law connecting the pressure and volume of gas at a 
constant temperature. The space above the mercury in a faulty barometer 
contains air and when a true barometer reads 30 inches the faulty baro- 
meter reads 29 inches, there being then a space of 4 inches above the 
mercury. Find the height of the true barometer when this faulty baro- 
meter reads 28-75 inches. J.M.B., LSG 
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PROPERTIES OF GASES—CONTINUED 


Charles’s law.—This law, first enunciated by Charles and Gay 
Lussac, states that a given mass of any gas expands by a constant fraction 
of its volume at 0° C. when its temperature is raised one degree, provided 
its pressure is kept conte Experimental evidence shows that the 
value of the fraction is 54+, for a rise in temperature of 1° ©. This 
fraction may be termed the coefficient of expansion of a gas at constant 
pressure. 


Let v)=the volume of the given mass of gas at 0° C. 


~] 


u= 3 PE) 2 ry) ” » t C. 
Then Increase in volume for a rise in temp. of 1° C. = =a" 
Hence =V) + 5ra ae 
. f 
; v (1 +75) ee er (1) 


This equation is not suitable for use in calculations, since the given 
initial volume would usually be at some temperature other than 0° ©., 
and it would be necessary 
to evaluate vg prior to 
‘making any attempt to 
solve the problem. 
Absolute scale of tem- 
perature.—Fig. 397 shows 
a graph (not drawn to 
scale) illustrating Charles’s 
law in which volumes are 


plotted as ordinates and am ar la Bae 
temperatures as abscissae. 0° a 273 Ty Deg.C. abs. 


OA represents the volume Fie. 397.—Graph illustrating Charles's law. 
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at 0° C. ; abscissae measured to the right of O represent tempera- 
tures above freezing point, those measured to the left of O are 
negative and represent temperature below freezing point. AB repre- 
sents a rise in temperature from 0° to 1° C., and BC represents the 
corresponding increase in volume. Other similar steps are shown 
in Fig. 397, and since the rises in temperature are all 1° C. and 
the increments in volume are all equal, it follows that a straight 
line CD may be drawn through the tops of all the steps. CD is 
therefore a graph illustrating the expansion of a gas obeying 
Charles’s law. | 

Each of the increments, such as BC, is equal to OA/273. Produce 
DC until it cuts the temperature axis at E. Then, from the similar 
triangles CBA and AOE, CB AO 


BA OE 

A AO AO, 
or, since BA =Í, 373 TOE’ 
., OE =273. 


Therefore DC cuts the temperature axis at -273° ©. At E the 
volume of the gas as shown in the diagram is zero. This would not 
actually be the case, but we may say that the volume and tempera- 
ture of a gas at constant pressure behave in such a manner 
that, if the law connecting them did not change, the volume would 
disappear at — 273° C. 

A scale of temperatures having very useful propertics may be 
illustrated in Fig. 397 by placing 0° at E and 273° at O; other 
temperatures may be marked along the temperature axis to corre- 
spond with the new marking of E and O. This scale is called the 
gas thermometer scale of temperatures, and is practically the same as 
a scale derived from considerations of energy, called the absolute - 
scale of temperature (Chap. XX XVIII.). Temperatures on the absolute 
scale will be denoted by the letter T. 

Another statement of Charles’s law.—In Fig. 397 take any two 
points F and H on the temperature axis, and draw the ordinates FG 
and HD. FG=v, is the volume of the gas at an absolute temperature 
EF=T,; HD=v, is the volume when the absolute temperature is 
equal to EH=T,. From the similar triangles GFE and DHE, we have 

‘ GF DH 
FE HE: 
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or Da pii R 
Ty Te 
iT EAE E S i: a A (2) 
v T 


Hence Charles’s law leads to the following statement: The volumes 
of a given mass of a gas at constant pressure are proportional to the 
absolute temperatures. 

Temperatures stated in the Centigrade scale may be converted to 
the absolute scale by adding 273. Thus: 

T=ť C. +273. 

Absolute zero on the Fahrenheit scale is (273 x 2)=491° F. below 
freezing. point, or (491 — 32) =459° F. below zero Fahrenheit. Hence 
temperatures stated in the Fahrenheit scale may be converted to the 
appropriate absolute scale by adding 459. Thus 

T= F. +459. 


EXAMPLE.—A room measures 50 feet x30 feet x25 feet. If the tem- 
perature of the air in it be raised from 10° C. to 15° C., what percentage ` 
of the initial volume of air will be expelled ? The pressure is assumed 
to remain constant. 

v, =50 x 30 x 25 =37,500 cubic feet. 
T, =273 +10 =283° absolute (C.). 
T, =273 +15 =288° absolute (C.). * 
Let v, be the volume of the air originally in the room if heated to 15° C., 
then WT _37500 x 288 
Cretan pE 283 
= 38,160 cubic feet. 
Volume of air expelled =38160 - 37500 
: _ =660 cubic feet. 
This volume of 660 cubic feet has been measured at 15° C., hence 
Percentage of air expelled = 5289, x 100 
=a. 


Isothermal lines of a gas.—Suppose we have a given mass 
of gas under initial conditions of pressure and volume, pı and v, 
and at a temperature of 273° absolute (C.). In Fig. 398 ordinates 
and abscissae represent pressure and volume respectively, and the 
initial conditions are plotted at A. If the gas expands following 
Boyle’s law, the isothermal line AB results. The temperature 
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everywhere on AB is 273° absolute. Suppose, when the gas ig 
under the conditions represented by the point A, that its tempera- 
ture be raised to T° absolute (C.) at constant pressure. Applying 
Charles’s law, we have for the new volume vs, 

Pei Te 

Me A e aa 

Plotting the new conditions, viz. pressure pı and volume v, we 

obtain the point C. Now let the gas expand at constant temperature 


Pressure 


(6) 


Fig. 398.—Isothermal lines of a gas. 


T. Boyles law will be followed, and the isothermal line for the 
temperature T will be CD. As many points as may be necessary 
for plotting CD may be found from points such as E on AB. Thus, 
at E the pressure is p and the volume is v; the temperature at E 
is 273° and at F is T degrees ; the volume at F is Ug. 

Ug | ee 

o B73? 7+ 978” | 

The factor T/273 for converting horizontally any point on AB to the 
corresponding point on CD is a constant. In this way a series of 
isothermal lines may be drawn for 273, 274, 275, etc., degrees 
absolute ; some of these are shown in Fig. 398. 

In Fig. 399 ordinates and abscissae represent volumes and absolute 
temperatures respectively. The point A represents a given mass of 
gas at 273° absolate (C.), and having a volume of, say, 4 cubic units 
and a pressure of, say, 76 cm. of mercury. AOC represents changes 
going on in obedience to Charles’s law, t.e. the pressure at any point 
in this line is 76 cm. of mercury, and the line may be called a line 
of constant pressure. 
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Let the conditions indicated at A be changed at constant tem- 
perature 273° absolute to 3 cubic units, say. The pressure Pe 
will be obtained by applying Boyle’s law, thus 

PrI=P%25 ©. TExd=py x3; 
<. Pe=s X 76=101-33 cm. of mercury. 
The point E will represent these new conditions. OEH now repre- 


sents changes in obedience to Charles’s law under a constant pressure 
of 101-33 cm. of mercury. 


Similarly, by reducing the 
initial volume to 2 and 1 
cubic unit, the constant 
pressure lines OFK and 
OGL are obtained. 

The change in volume 
taking place in the given 
mass of gas when raised 
in temperature from 273° 
to 373° at constant pres- 
sure 76 cm. of mercury is 
represented by (DC —BA). 
The corresponding change 6 273 373 T 
in volume at a pressure 
of 304 cm. of mercury is 
represented by (DL—BG). It is clear, by inspection of Fig. 399, that 
the change of volume for the given rise in temperature is much 
greater if the pressure is low 
than if the pressure is high. 


Fig. 399.— Constant pressure lines of a gas. 


Combination of Boyle’s and 
Charles’s laws.—If the given 
mass of gas is undergoing 
simultaneous changes in pres- 
sure, volume and temperature, 

the law followed may be found 
curring to the e ae and eM by the following: process. In 
Desana S o's -- Fig. 400 (a) a given mass of gas 
is enclosed in a cylinder fitted with a piston, and is under initial 
conditions p,, v, and T,. Suppose, first, that p, and v, are changed 
at constant temperature T} until a pressure p, and a volume v are 
obtained. Applying Boyle’s law, we have 


pwp; eta Pe Ciel: yane (1) 
2 
The gas will now be as shown in Fig. 400 (0). 
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Now change the temperature from T; to Tą, keeping the pressure 
constant at pẹ The volume will change from v to v, as shown in 
Fig. 400 (c). Applying Charles’s law, 


Die Ve, ae jinn seessreesoeseseceresseeseeseres (2) 
Va Lo Ts 
renee from (1) and (2), we have 
i 
Pe Te 
or PALEES OE 92 (3) 
PW Te 


We should have obtained the same result had the conditions varied 
simultaneously instead of by the step by step process adopted above. 
The result obtained in equation (3) indicates that when a given 
mass of a perfect gas is undergoing changes in pressure, volume and 
temperature, the product of the absolute pressure and volume is propor- 
tional to the absolute temperature, Or 


DOT. cisgoces iets eB Eee 5 noes 55 (4) . 


The characteristic equation for a perfect gas is obtained from (4) by 
taking v as the volume occupied by unit mass of the given g gas at | 
ene temperature (T=273° absolute) and under standard pres- 
sure of 76 cm. of mercury. By introducing a coefficient R, we have 


pu = RT cee ee tte ct dacs, (5) 


in which R has a value which depends upon the kind of gas con- 
sidered. 

Relation of pressure and temperature at constant volume in a 
perfect gas.—Take equation (3) above, and put v,=v5, thus causing 
the pressure and temperature of the gas to vary at constant volume. 


Thus Dy, a Ti ; 4 
Pr, T 
or MI to Pr (1) 
Po Te 


Hence, ae we have a closed vessel containing a given mass of perfect 
gas at constant volume, the absolute pressure is proportional to the 
absolute temperature. 

Suppose that p, is the pressure of the given mass of gas at 0° C. 
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or 273° absolute, and that the temperature be raised at constant 
volume to 274° absolute. We have 


Py 273, 
Pa 274 
h 274 1 
++ P= agg Pi =Pi + os Pr 
The increase in pressure per degree Centigrade is therefore 51, of 
the pressure at 0° C. Similarly, if the temperature be raised to 
t° C. above freezing point, the pressure p is given by 


p, 273 
> T Se e 
ae ~ oT) Dy 
(r Pa= Pait 973 Pr f 


The fraction ;4, may be called the coefficient of increase of pressure 
of a gas at constant volume. It is evident that the value of this 
coefficient is the same as the coefficient of expansion of a gas at 
constant pressure. i 

Verification of Charles’s law.—Direct experiments for the purpose 
of verifying Charles’s law are difficult to carry out accurately. The- 
relation of pressure and temperature 

at constant volume enables Charles’s 
` law to be proved by means of an 
experiment which may be carried 
out easily. 


w 


Expt. 9l.—Relation of pressure and 
temperature of air at constant» volume; 
indirect proof of Charles’s law. Arrange 
apparatus as shown in Fig. 401. Aisa | 
large bulb containing dry air and con- 
nected by a long rubber tube to an 
open cistern of mercury at B. The bulb 
is immersed in water contained in a 
vessel E; the water may be heated by: 


. : . . 401.—Apparatus for determinin 
a coiled pipe F through which steam PS Sirion ofp and T. 4 


can be passed; the temperature is =,” 

measured by a thermometer G placed close to the bulb. The mercury 
cistern may be moved vertically along a scale H and may be clamped at 
any height in the same way as in the Boyle’s law apparatus (p. 397). The 
zero of the scale H is arranged so as to be at the same level as a mark C 


ty 
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on the neck of the bulb; this may be checked by use of the U tube 
mercury level described on p. 397. 

Begin with cold water in E. Adjust the height of B so that the mercury 
level in the neck of the bulb coincides with the mark C. Wait a minute 
or two to make sure that the temperature of the air in the bulb is the same 
as that of the water; readjust the level if necessary. Note the height of 
the mercury level in B, say h cm., and the temperature of the water, say 
t° C. Read the barometer; let this be h) cm. of mercury. 

Raise the temperature of the water, say 5°C.; this will cause the 
mercury level at C to be depressed. Restore the level by raising B, taking 
the same precautions as before prior to reading the scale H and the thermo- 
meterG. Repeat the experiment several times, increasing the temperature 
each time by about 5° C. j 

If the law p œ T is being complied with, we have 


p=cT, or =f, | 

where ¢ is a constant. Try if this is so by dividing the experimental 
values of the absolute pressure p=(h+h,)) by T=t+273. Plot a graph 
showing the relation ofp and T. 


The results may be tabulated as follows : 


EXPERIMENT ON THE RELATION OF p AND T FOR AIR AT 
CONSTANT VOLUME. 


Barometer reading =(/)) cm. 


Temperature. 


Pressure in bulb, 
p=(lot+h) cm. 


Height of mercury. 
h cm. 


TC; T° abs. 


me e A 
res 


| 


Deduce from the graph the pressures at 0° and 100° C., and calculate 
the coefficient of increase of pressure. 


Air thermometer.—In Fig. 402 is shown a modified form of the 
apparatus used in the above experiment. The bulb A contains dry 
air, and is connected by a tube of fine bore to tubes BD and EC, which 
may be raised or lowered along a scale. This instrument constitutes 
an air thermometer. The bulb A is introduced into the space in which 
the temperature has to be measured, and the sliding tubes are 
adjusted until the mercury level is restored to a fixed mark at B. 
The absolute pressure in the bulb is determined in the manner 
explained in Expt. 91, and the temperature is calculated from the 
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pressure. The instrument may be calibrated by immersing the bulb 
A first in melting ice and then in the steam given ofi by water 
boiling under standard pressure, taking the same precautions as 
in the calibration of mercurial thermometers (p. 316). The pressures 
corresponding to 0° and 100°C. are thus found, and intermediate 
graduations may be determined by permitting the bath of hot water 
to cool slowly and taking readings of the pressure at intervals. 
Used in the manner described, the instrument is a constant volume air 
thermometer. 


eset snes shee seats get sane ager ae eee eee eee ee 


ath luahatdulafadalaulylolaeal WIEN rara AE A 


Fie. 402.—Constant volume air Fia. 403.—Constant pressure 
thermometer. air thermometer, 


A simple form of constant pressure air thermometer is shown in 
Fig. 403, and consists of a piece of thermometer tubing about 1 mm. 
in bore and 20 cm. long. The tube is carefully cleaned and dried, 
and one end is sealed. By slightly warming the tube, some air is 
expelled, and a pellet of mercury is sucked in as the tube cools. 
When placed vertically with the closed end at the bottom, the mercury 
pellet should be about 14 cm. from the lower end at ordinary atmo- 
spheric temperature. Since the upper surface of the pellet of mercury 
is exposed to the pressure of the atmosphere, the pressure of the 
enclosed air remains practically constant during an experiment. 
The tube is tied to a thermometer, and the scale of the thermometer 
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serves to indicate the position of the pellet. Assuming that the 
bore of the air thermometer tube is uniform, the length occupied by 
the enclosed air is proportional to the volume. The scale readings 
corresponding to 0° and 100°C. may be found as before. These 
scale readings correspond to 273° and 373° absolute (C.) respectively, 
and intermediate scale readings, obtained when the instrument 
is at other temperatures, are converted into absolute degrees by 
simple proportion. This type of constant pressure air thermometer 
is not very satisfactory on account of the sticking of the mercury 
piston. 


Mixture of two different gases.—I{ a closed vessel contains a 
mixture of two different gases which have no chemical action on 
each other, then the total pressure is the sum of the pressures 
[al which the quantity present of each gas would exert if it alone 
occupied the vessel. The proof is as follows: 
Suppose at first that the two gases occupy separate 
vessels A and B (Fig. 404). Let the pressure and volume 
of the gas in A be p, and v, and of that in B p, and vy 
The whole is supposed to be at the same temperature, which is 
preserved constant throughout the following operations. 


FIG. 404. 


_ Let the capacity of B be changed until the pressure in this vessel 
is pı, and let the volume be now v. Applying Boyle’s law, we have 


PW = Pw, OF Tea eee (1) 
1 
Now let a hole be made in the partition separating A and B ; both 
gases being at the same pressure, quiet mingling will ensue, on the 
assumption that no chemical action occurs, and the mixed gases will 
exert a pressure p,, and will occupy a total volume (v; +»). 
Let the portion B now resume its original volume, when the total 
volum? occupied by the mixed gases will be (v; +v), and the pressure 
will be p, say. Again applying Boyle’s law, we have | 


PY +v) =p(v; +v) ; 
| Uae < ea Py 
Substituting for v from (1), we obtain : 


4 el ( Pi Paa) 
Gen H oF Pı 


Eea 2s RNN Mee 


VUjtVg Vtv 
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Had the gas originally in A alone filled the volume (vı +v), the 
pressure would have been p’, say, and 
P'(Y +V) =Pyr, 


or | fll ae a (3) 


Similarly, had the gas originally in B occupied the final volume 
(vı +), the pressure would have been p”, say, and 
p" + Lz) = Po, 


or Cae fh a 4) 


Hence, from (2), (3) and (4), 


thus proving the proposition. 

Density of a gas.—The density of a gas at given temperature and 
pressure is the mass in grams per cubic centimetre. Let the initial 
conditions of a given mass of gas be p,, v, and T}; let the initial 
density be d,, and let the final conditions be p,, v», Tẹ and d,. Let 
m be the constant mass of the gas, then 


dy _ vz 
JT eee (1) 
Also Patna Pare : 
Ty Ts 
ii vz _ Pile 
Vy Poly 
d T 
Hence, from (1), E e aese 2 
si da pay be 


If the temperature is constant, this reduces to 


d 
aa. oo) ee ol 
Mee: 
If the pressure is constant, the result becomes 
A NE ER 4} 
da Ti 6) 


If d, is the density of the gas at normal pressure and temperature 
of 76 cm. of mercury and 0° Centigrade, the density d at any other 
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pressure p cm. of mercury and temperature t degrees Centigrade 
is obtained from (2), giving 

dy T6(t+ 273) 

dio Aan, 

a R eee “At 

76(¢ + 273) 

Expr. 92.—Density of air. Reference is made to Fig. 405, in which A 
is a glass globe furnished with a tap. The globe is connected by means 
of a piece of thick rubber tube to a manometer BC. The manometer 
contains mercury, and the closed space above C is a Torricellian vacuum ; 
` hence the gaseous pressure acting on the mercury surface at B is given by 
the difference in levels of the mercury in the two limbs of the manometer, 


or 


To pump 


Fie. 405.—Apparatus for determining the density of air. 


provided that the closed limb at C is not completely filled with mercury. 
There is another connection, having a tap at E, and leading to two drying 
tubes containing phosphorus pentoxide; this substance removes any 
moisture from the air before it enters the globe. The tube at D is open 
to the atmosphere. An exhausting air pump is connected to the apparatus, 
the connecting rubber tube being furnished with a clip at F; airmaythus — 
be withdrawn from the globe A. 

Close the tap E and exhaust the globe; close the clip F and open E, 
thus permitting air to flow through the drying tubes and thence into the 
globe. Repeat the operation several times so as to ensure that the globe 
contains dry air only. Since the globe is in communication with the 
atmosphere, the pressure and temperature of the air it contains may be 
obtained by reading the barometer and a thermometer placed near the 
globe A. Close the tap on the globe ; remove the globe and weigh it, thus. 
obtaining the mass of the globe when full of dry air. : i 

Connect the globe again to the apparatus and open its tap. Close the © 


b 5 
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tap E and exhaust the globe as thoroughly as possible. The pressure of any 
residual air is now shown by the manometer reading; it is best to read 
the levels at B and C by means of a cathetometer. Close the tap on the 
globe; remove the globe and weigh it, thus obtaining the mass of the 
globe when filled with residual air. Place the neck of the globe under 
water at the temperature of the room and open the tap, thus filling the 
globe with water; see that the water level reaches the tap, adding some 
water if necessary. Weigh again, thus obtaining the weight of the globe 
when full of water. 

Let w, =the weight of the giobe in grams when full of dry air at ha and t. 

w,=the weight of the globe in grams when full of residual air at 
hm and t. 
w, =the weight of the globe in grams when full of water. 
ha=the barometric pressure, cm. of mercury. 
hm =the pressure of the residual air, as shown by the manometer, 
cm. of mercury. 
t =the constant temperature of the room, deg. Cent. 

Since the temperature of the room has remained constant, the fraction 
hm/ha of the air originally in the globe remains after exhaustion. The 
difference in weights (w,-—w,) therefore represents the weight of the air 
withdrawn, viz. (1 — m/ha) of the original quantity of air. Therefore the 


= weight w of dry air originally in the globe is given by 


wW 1 ha å 
w So l im E ha hec hn 
ha 
EENE h orama. oa a A 1 
2 (a) PERET 0) 


Further, (w, - w, +w) gives the weight in grams of the water which fills 
the globe, and the same quantity gives the volume of the globe in cubic 
centimetres. Hence, at the pressure ha and temperature t, 

: . (wi — W3) ha 
Density of air =d = Er E 
$ (w; — Wy) ha 
4 © (W3— Wy hu — (W — W; )hn © 

The density at normal pressure and temperature may now be obtained 

from (5) (p. 412). 
76 (¢ + 273) d 
0 DIS 
_76(¢ +273) | (wy — Wz) | 
DE. (wz — Ww)ħa — (wz — w1 )hm 


Influence of height on the pressure and density of the atmosphere.— 
It is well known that the pressure of the atmosphere decreases as 
D.S.P. 2D i 


grams per c.c. ...(2) 


grams per C.C. «.....(3) 
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the height above sea-level is increased. If a barometer be taken 
up a mountain, the level of the mercury falls gradually during the 
journey. Water boils at a lower temperature at the top of a 
mountain than at sea-level, owing to the diminished pressure of the 
atmosphere. The following approximate method enables the law 
governing these changes to be understood. 


Consider a column of air (Fig. 406) having a cross-sectional area 
of one square centimetre and reaching upwards to the 
limit of the atmosphere. Let the temperature throughout 
the column be 0° C., and let the pressure at sea-level A 
be 76 cm. of mercury. This pressure is produced by the 
total weight of the column, and is equivalent to 1033 
grams weight per square centimetre nearly. The density 
of air at this pressure and 0° C. is 1-2928 grams per ` 
1000 c.c.; assuming that the density does not change 
appreciably on ascending a few metres, the height of a 
column AB weighing one gram will be 10—1-2928 =7-735 
metres. The pressure at B is less than that at A by the 
weight of AB, and is therefore 1032 grams weight per 
_ square centimetre. 

The density at this pressure and at 0° C. is given by 


d- 1088 
12928 = 1033 © #1), 


d=1-2915 grams per 1000 c.c. 


Assuming that this density remains constant for another few 
metres above B, the height of a column BC weighing one gram is 
10--1:2915=7:743 metres nearly. The pressure at C will then be 
1031 grams weight per square centimetre. BC is greater than AB, 
and we conclude that the intervals to produce a constant pressure 
ce of one gram weight per square centimetre increase as we 
ascend. 

Increase in temperature increases the heights AB and BC in Fig. 
406; the effect of the change in temperature is to increase the 
volume, and thus to diminish the density. : 

Heights may be measured approximately by means of the baro- 
meter. An elevation of 900 feet corresponds nearly to one inch 
fall in the mercury column. The aneroid barometer (p. 392) is 
used generally by surveyors, and has two scales on its dial, one 
indicating the height of the mercury column and the other showing 
elevations in feet. The method is approximate only, since, for 
stability in the atmosphere, the temperature must fall as the 
altitude increases. 


FIG. 406. 
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Flotation of balloons.—If a balloon is floating at rest in a still 
atmosphere, the law governing its equilibrium is the same as that 
for a body floating at rest in a still liquid (p. 274). Thus, in Fig. 
407, W, is the weight of the balloon, including all material and the 
car; We is the weight of the gas contained in the envelope; W, is 
the weight of air displaced by the balloon, and is equal to the 
buoyancy, t.e. the air surrounding the balloon — 
exerts a resultant force equal to W}. For 


equilibrium Wi +W =W}, 
or Wi =Ws — We. 


It is evident that the total weight whitey 
can be raised, viz. W,, can be increased by 
increasing the difference between W, and Wg. 
For a given volume of envelope, and at 
normal pressure and temperature, W, is a 
definite quantity, and the difference (W, -— W3) 
can be increased only by choosing as light a 
gas as possible for filling the envelope. Hydro- Wr 
gen is the gas generally employed. At 0° C. Fic. 407—Flotation of a 

balloon. 
and 1 atmosphere pressure, hydrogen weighs 
- 0-00559 Ib. per cubic foot, and air under like conditions weighs 
0-0807 lb. Hence, at normal pressure and temperature, the weight 
which can be raised per cubic foot of balloon is (0-0807 —0-00559), 
or 0-07511 lb. weight. 


The best lifting effect would, of course, be obtained by having 
a vacuum inside the envelope, but this is impossible owing to 
the collapsing pressure of the atmosphere; an envelope strong 
enough to withstand this pressure would be much too heavy to 
be lifted. It is best to have the pressure of the internal gas 
equal, or nearly equal, to that of the external air, thus calling for 
but little strength in the material of the envelope, and enabling a 
very light envelope to be employed. 

A balloon will ascend if (W,+W,) is less than W, (Fig. 407) ; 
since the density of the air diminishes with height of ascent, a height 
will be attained at which W, becomes equal to (W,+W,), and the 
balloon will remain at this elevation. But the pressure of the air 
has also decreased (p. 414); hence, if the pressure of the contained 
gas has not altered during the ascent, there will be a tendency to 
burst the envelope. This tendency may be reduced by permitting 
some of the gas to escape through a valve at the top of the balloon. 


a 
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In modern air-ships the internal pressure can be adjusted by 
means of ballonets. These are small balloons placed inside the 
envelope and containing air. Air can be pumped into or withdrawn 
from the ballonets, which will then occupy a greater or lesser 
volume, and will cause the light gas in the balloon to occupy a lesser 
or greater volume, and thus to exert a greater or smaller pressure. 
The device enables the envelope to be maintained at practically 
constant tension without the necessity for permitting any of the 
light gas to escape from the balloon. 

Ordinary balloons carry ballast in the form of bags of sand. If 
greater elevation is required, some of the sand is scattered over- 
board, thus diminishing the total weight to be carried. Air-ships 
having engines and propellers for propulsion may secure greater 
elevation by the use of rudders pivoted on horizontal axes. The 
use of these introduces greater resistance to the passage of the vessel 
through the air, and leads to a decrease in speed if the greater eleva- 
tion is maintained by use of the rudders. 


EXERCISES ON CHAPTER XXXI. 


1. State Charles’s law for perfect gases. Define absolute zero of 
temperature by reference to the contraction of a perfect gas. What 
temperature on the absolute scale (Cent.) corresponds to 20° on the 
ordinary Fahrenheit scale ? 

2. A chimney is 120 feet high and is 3 feet in internal diameter. The 
average temperature of the gases inside the chimney is 280° C. What 
volume would the contents of the chimney occupy if the temperature were 
reduced to 15° C. without change in pressure ? 

3. A glass bulb having a fine stem weighs 19-24 grams when empty 
and 74-85 grams when full of water. When full of air, the bulb was placed 
for a few minutes in a hot oven at atmospheric pressure and the stem was 
sealed. The bulb was then immersed in a bath of water at 15° C., stem 
downwards and the stem was unsealed. It was found, on adjusting the 
pressure to that of the atmosphere, that 35-68 grams of water had entered 
the bulb. Find the temperature of the oven. 


4. Draw the isothermal line for one cubic foot of air at 15° C. and 
absolute pressure 10 atmospheres when it expands to 5 cubic feet. On the 
same drawing, show the isothermal line for the same mass of gas at 50°C. 

5. Assuming the truth of the laws of Boyle and Charles for perfect 
gases, prove the law pv =RT. 


6. Find the values of R in the equation pv =RT for air and hydrogen, 
given that the mass of one cubic foot of air at 0° C. and 14 7 Ib. wt. per 
square inch is 0-0807 pound, and one cubic foot of hydrogen under the 
same conditions has a mass of 0-00559 pound. 

7. In the c.a.s. system, 1000 c.c. of air at 0° C. has a mass of 1-2928 
grams, under a pressure of 1-0132 x 10° dynes per sq. cm. Find the value 
cf R in the equation pv =RT. 


XXXI EXERCISES 417 


EES 


8. A cylinder fitted with a piston contains at a certain instant 6 cubic 
feet of gas at 15 lb. wt. per square inch absolute and 20°C. The weight of 
the gas in the cylinder is kept constant, and the piston is pushed in. At 
another instant, the pressure is found to be 150 lb. wt. per square inch 


absolute and the volume 2-5 cubic feet. Calculate the temperature at this 
instant. ; 


9. Given that one gram of hydrogen at a temperature of 0° C. and a 
pressure of 76 cm. of mercury occupied a volume of 11-16 litres, what 
volume will be occupied by 3-85 grams at a temperature of 23° C. and a 
pressure of 74-6 cm. ? Adelaide Univ. 


10. How would you determine the coefficient of expansion of a gas at 
constant pressure ? What is meant by the absolute zero of the air thermo- 
meter, and how is it calculated ? Sen. Cam. Loc. 


11. A chimney is 50 metres in height; a water pressure gauge (p. 395) 
connected to the base of the chimney indicates 2 cm. of water. The 
temperature of the atmosphere is 0° C., and the barometer reads 76 cm. 
(density of air under these conditions =1-293 grams per litre). Find the’ 
average temperature of the gases in the chimney. The density of mercury 
=13-6 grams per c.c. 


12. State the two fundamental laws of change of pressure, volume, and 
temperature of gases, and show that they may be expressed in the form of 
a single equation containing one constant. What is the value of the 
constant in the case of hydrogen if the mass of one litre at 0° C. and 760 mm. 
pressure is 0-0896 gram ? (Density of mercury =13-6.) L.U. 


13. The density of oxygen at 0° C. under a pressure of 760 mm. of mercury 
is 1-429 grams per litre. A certain mass of the gas is enclosed in a cylinder 
whose volume is 2-5 litres, under a pressure of 780 mm. at a temperature of 
12°C. What is the mass of gas in the cylinder ? L.U. 


14. Calculate the weight of dry air in a room 30 x 18 x 15 feet in dimen- 
sions, the barometer reading 752 mm., the thermometer 30° C. (The 
weight of one cubic foot of air at 760 mm. pressure and 0° C. is 0-0801 1b.) 

Explain also the theory of your calculation. Adelaide Univ. 


15. Two different gases which have no chemical action on each other 
are mixed in the same vessel. State and prove the law for the total 
pressure. 


16. Describe how you would find the density of dry air. The results 
of an experiment arc as follows: 'The weight of the globe when full of dry 
air was 35:375 grams, and when full of residual air, 35-198 grams, both 
at 14° C.; the globe, when full of water, weighed 179-95 grams. The 
barometer read 77-19 cm., and the pressure of the residual air as shown 
by the manometer was 1:19 cm. of mercury. Find the density of the air 
in grams per c.c. at 0° C. and 76 cm. of inercury. 


17. An airship 500 feet long has an average diameter of 50 feet and is 
charged with hydrogen. If the total weight of the structure, envelope, 
engines, etc., is 26 tons, find the total weight of stores (petrol, explosives, 
etc.) and crew which may be carried. 


18. Two vessels, A and B, are connected by a pipe furnished with a tap, 
The tap is closed, and A and B are charged with air at pressures of 360 
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and 240 cm. of mercury respectively. The volume of A is 800 c.c., and 
that of B 600 c.c. If the tap is opened, find the final pressure in each 
vessel. The temperature is constant throughout. 


19. A steel vessel for storing compressed air has a volume of 6 cubic feet, 
and has a safety valve which opens and permits air to escape when the 
pressure is 100 lb. wt. per square inch above that of the atmosphere, which 
may be taken as 15 lb. wt. per square inch absolute. The vessel contains 
air at a pressure of 110 lb. wt. per square inch absolute and at 15°C. If 
the vessel be heated, at what temperature will the safety valve open ? 


20. State the laws which describe the physical changes which take place 
when heat is imparted to a gas, and draw diagrams of apparatus with which 
experiments could be made to verify these statements. 

On a day when the air temperature is 10° C., a barometer at ground level 
shows a reading of 76 cm. of mercury. On taking the barometer to the 
bottom, of a mine shaft, where the temperature is 27° C., the air pressure is 
found to have increased by 4 cm. of mercury. What is the ratio of the 
density of the air at the bottom of the shaft to that of the air at the top ? 

J.M.B., H.S.C. 


CHAPTER XXXII 


KINETIC THEORY OF GASES. WORK DONE BY A GAS 


Pressure of gaseous molecules moving in parallel directions.—Let 
a hollow cube of one centimetre edge, internal dimensions, contain 
one ae only. Let the mass of the molecule be m gram, and 
let it travel constantly in a line ab perpen- 
dicular to two opposite faces of the cube 
(Fig. 408). It is assumed that the velocity 
u is simply reversed each time the molecule 
strikes a face of the cube. The change in 
mementum during each impact is 2mu (p. 68), 
and the time taken to travel from a to bis 1/u 
second. There will therefore be u impacts per 
second, and the change of momentum per second is 2mu?. Half of 
the total number of impacts take place at one face, and the other 
haif at the opposite face; hence the change of momentum per 
second at one face is mu?. This is a measure of the force exerted 
on the face (p. 68), therefore i 


FIG. 408. 


Force = mu? dynes. 

If the centimetre cube contains n molecules, all moving in paths 
parallel to ab and having the same velocity u, the total force exerted 
on one face is nmu2; this force is distributed over an area of one 
square centimetre, and is therefore the pressure on one face of the 
cube. ”. Pressure = p =nmu? dynes per sq. cm. 

If the molecules have velocities differifig in magnitude, and if u? 
is the mean of the squares of all the speeds, then 

p=nmu* dynes per SQ. CM. .....eeeereeeeeeesere ens (1) 

Pressure of a gas.—If the cube contains a gas, the molecules are 
moving in every conceivable direction. Let V (Fig. 409) be the 
velocity of one molecule, and let OX, OY and OZ be axes parallel to 
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the edges of the cube in Fig. 408. Resolve V into components 
along these axes; this may be done by first resolving V into com- 
ponents OM and OK, the latter being in the plane containing OX and 
OZ. OK is then resolved into velocities OL and ON along OX and OZ 
respectively. The components ‘are thus u along OX, u, along OY 
and u, along OZ. From the geometry of the figure, 

OA? =OK? + KA2 =OL’ + LK? +OM2 

=OL? + ON? + ON? ; 
e WVeautt+u,2+u,2. 

The velocities of the other molecules have different directions, but 
all can be resolved into com- 
ponents parallel to the edges 
of the cube. If ù? and ù, 
have the same relation to u,? 
and u respectively that «, 
has to u?, as explained above, 
and if V? has the same relation 
to V?, ŭe. V2 is the mean of 
the squares of the actual velo- 
cities, then we may write 


Vata +a. 


Fie. £09.—Component velocities of a molecule. Since there is no tend ency 


for molecules to accumulate in any part of the cube, it is reasonable 
to suppose that the velocities u, ù, and wy are equal; hence 


U2 Uy Ug? = AVE os ccessesevecneceeenceceucces (2) 


Hence, in the case of a centimetre cube containing n molecules of 
a gas moving in all directions, we have from (1) and (2) 


p= ZNMV2 dynes per sq. CM. ....ccccceccesecerecesees (3) 

If the cube has a volume v, each cubic centimetre containing n 
molecules, then PU I ...........ce0sd0p rca (4) 
Now nm is the total mass of the molecules in one cubic centimetre, 
ùe. nm is the density d of the gas, and dx vis the total mass M in a 
volume v ; PU SAMVE. ccs (5) 


If the cube contains unit mass of gas, M is unity, and 


PUL, kia ésvisvees -(6) 
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Some important relations.—It is known from Boyle’s law that the 
product of the pressure and volume of a given mass of gas is constant, 
provided the temperature is constant, and it has just been shown 
that this product depends upon v2, since M in (5) above is constant. 
Hence it may be inferred that V? is constant if the temperature of 
the gas does not alter. 

Again, at constant volume, the pressure of a given mass of gas is 
proportional to the absolute temperature (p. 406). Writing v con- 
stant in equation (5) gives the result that p varies as V2; hence we 
may infer that the absolute temperature T and the mean of the 
squares of the velocities of the molecules are proportional, and any 
increase in T is accompanied by a corresponding increase in V?. 
Both V? and T should become zero simultancously, and we may 
define absolute zero of temperature as the temperature at which the 
molecules of a gas have been reduced to rests 

If p be constant in (5) above, then v varies as V2. From Charles’s 
law we know that in a given mass of gas the volume v is proportional 
to the absolute temperature T, provided the pressure is constant. 
Hence again we infer that V? is proportional to T. ` 

Further, the kinetic energy of one molecule having a mass m and 
velocity V is 4mV?, and the total kinetic energy of a mass M of gas, 
in which the mean of the squares of the velocities is V2, is MV? 
It therefore follows, since V? varies as T, that the total kinetic energy 
of the molecules is proportional to T. Suppose that -a given mass 
of gas is maintained at constant volume, a definite quantity of heat 
must be added in order to produce a stated rise in temperature, and 
the result is a definite increase in the total kinetic energy of the 
molecules. We may therefore infer that the heat added has been 
converted into kinetic energy, and exists in the gas in the form of 
molecular motions. Abstraction of heat from the gas would produce 
a corresponding reduction in the moiccular kinctic energy, and the 
energy would become zero at absolute zero of temperature. 


Avogadro’s law.—Consider two vessels of equal capacitics, one con- 
taining a gas A and the other containing a different gas B. Both 
gases are supposed to be at the same pressure and temperature. It 
is assumed that single molecules of each gas have equal kinetic 
energies, on the average, when th temperatures are the same, t.e. 

Lon AP ene ae 
IMAVA = Z MgV g". 

Since the product of pressure and volume is the same for both 
vessels, we have, from equation (4), p. 420, 

Ta ERR | 7 2. 
INAMU a = 3NgMgV_ ; 


ee Ny = Nz: 
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This result indicates that in all perfect gases under the same con- 
ditions of pressure and temperature, there is the same number of 
molecules per cubic centimetre. This is known as Avogadro’s law. 

If the gas A has a density greater than that of B, it follows that a 
molecule of A possesses a mass greater than that of a molecule of B. 
Hence, if the average kinetic energies of molecules of each gas are 
equal when the temperatures are the same, it follows that V,? must 
be less than V„?. Air has a density 14 times that of hydrogen, and 
- the mean speed of the molecules in hydrogen at normal temperature 
is 1800 metres per second, while the mean speed of the molecules of 
air at normal temperature is 450 metres per second. 

Internal energy of a gas.—The internal energy of a gas is the total 
heat energy stored in unit mass of the gas by virtue of the motion 
and position of the molecules. Internal energy should be measured 
from absolute zero of temperature, but, generally speaking, there 
are no means available for making this estimation. It is convenient 
to select some arbitrary temperature—generally 0° C.—and to esti- 
mate the internal energy in excess of that possessed by the substance 
when at this temperature. The motion of the molecules depends 
upon the temperature only; hence if there is no change in the 
temperature of a gas undergoing changes of pressure and volume, 
there is no change in the internal energy of molecular motion. 

Joule’s experiment.—Joule made an experiment in which two 
vessels were connected by a pipe furnished with a tap. The tap 
was closed, and one of the vessels was exhausted as completely as 
possible, while the other vessel was charged with air. Both vessels 
were immersed in water and the temperature of the water was noted. 
On opening the tap, thus permitting the air to expand freely and 
fill both vessels, the temperature of the water after stirring was 
found to be the same as at first. It was thus inferred that no drop 
in temperature occurs when a gas is undergoing unresisted expansion, 
and hence there is no change in 
internal energy. This law is very 
nearly, but not quite true, as will 
be explained later. 


m ---L-- > 
Fig. 410.—Work done by a gas. 


Work done by a gas at»constant 
i ; pressure.—In Fig. 410 is shown a 
cylinder fitted with a piston C. Gas under constant pressure p is 
admitted at A and pushes the piston through a distance L against a - 
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resistance R. P is the total force exerted by the gas on the piston, 
and is equal to the product of p and the area of the piston, a say ; 
since P is constant, the work done is given by 


Work done by P=PL=paL. 


Now aL is the volume of gas which must be admitted in order to 
maintain constant the pressure p, and this is also the volume 
through which the piston sweeps in travelling a distance L. 
Writing v for this volume, we have 


é 


Work done by PO E a aea (1) 


This result will be in foot-lb. if, as is customary in engineering 
practice, p is in lb. wt. per square foot and v in cubic feet, and in 
centimetre-kilograms if p is in kilograms wt. per square centimetre 
and v is in cubic centimetres. In c.e.s. units, p is in dynes per 
square cm. and v in c.c. ; the result is then in ergs. 

We have obtained pv units of work by admitting v units of volume 
of gas; had only one unit of volume been admitted, the work done 
would be given by 


Work done per unit volume of gas = £ REE eae (2) 


The diagram of work (see Chapter XIII.) done under the above 
conditions is shown in Fig. 411. AB represents the volume v swept 
by the piston; v, =0A is the volume of 
gas present in the cylinder at the instant Pressure 
the piston begins to move, and v,=OB c A 
is the volume of gas at the end of the 775 
movement. AC=BD represents the con- | 


stant pressure p of the gas. The area ” 

ABDC represents the product pv, and | 

therefore represents the work done by p57 7A g" 

the gas. ee TA 
Work done during the expansion ofa ` T 

gas.—If the supply of gas to a cylinder MA Aant done by a gas at 


is cut off after the piston has moved 

through any given distance, and if the piston continues to move in 
the same direction, the pressure exerted by the gas will fall as the 
volume increases. The constantly diminishing pressure will continue 
to do work on the piston, but to a less amount in each successive 
centimetre of movement of the piston. In Fig. 412, OB=7, is the 
volume of gas in the cylinder at the instant that the supply is cut 
off, and BA=7, is the pressure at this instant. , The diminishing 
pressure of the gas during the further movement of the piston is 


shown by the curve AC. 
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OD =v, is the volume to which the gas has expanded when the 
piston reaches D, the pressure being then pə, represented by DC. 
Consider the instant at which the pressure is EF =p and the volume 
is OE=v. If the piston moves a further very small distance, the 
additional volume will be EG. Let this additional volume be written 
Sv. The pressure during this small movement will remain sensibly 
equal to p, and the work done may be calculated from equation (1), 
p. 423, Work done during the small movement =p x ôv. 
This work is represented by the area of the shaded strip EFHG 
(Fig. 412). The area of similar strips will represent the work done 
during other small movements of the 
Pressure piston; hence the total work done 
a during tho expansion from the volume 
v, to the volume vg is represented by 
the area of the diagram BACD. If the 
gas is following Boyle’s law by expand- 
ing at constant temperature, the curve 
vol. AC may be plotted, and its area found 
by means of a planimeter, or by appli- 
cation of any convenient rule of 
mensuration. If the area is expressed 
piss pr ese by an ex- in square centimetres, the result must 
be multiplied by the scale of pressure, 
say p kilograms wt. per square centimetre to a centimetre height of 
the diagram, and also by the scale of volume, say v cubic centimetres 
to a centimetre length of the diagram. The final result will then 
give the work done in centimetre-kilograms. 


Specific heat of a gas at constant volume.—If a given mass of gas 
be contained in a closed vessel of constant volume, the addition of 
heat will produce a risc in temperature, and the heat energy supplied 
will be stored completely by the molecules in the form of additional] 
kinetic energy. No expansion has taken place, and 
therefore no work has been done against any external 
resistance. Under these conditions the heat which must 
be supplied per unit mass of gas in order to raise the 
temperature one degree is described as the specific heat of 
the gas at constant volume, and is written C,. 

Specific heat of a gas at constant pressure.—In Fig. 413 
is shown a cylinder fitted with a piston carrying a constant "S 413. 
load and capable of travelling freely in the cylinder. The cylinder 
contains unit mass of gas under the piston, and the gas will be 
subjected to a constant pressure p, Let the initial temperature be 
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T, degrees absolute, and let the volume of the gas under these 
conditions be v. 

Let the gas be raised in temperature through one degree by the 
addition of heat, when two effects will occur: (a) The volume will 
increase to v, in accordance with the law 


ot eee (1) 
ee es eee 


(b) The temperature of the gas has been raised, and therefore its 
store of internal energy has been increased. 


Suppose the operation to take place in the following manner: 
Imagine a thin partition to be fitted to the cylinder, in contact with 
the lower side of the piston. This partition will prevent expansion 
taking place when the piston is raised. Let the piston be raised by 
application of an external force to such an extent that the total 
volume under it is v» Work will have to be done on the piston to 
an amount given by the product of p,, and the volume swept by 
the piston (p. 423), t.e. l 


External work done =p; (Va — 01). ssscccccccecesesssseee (2) 


The space below the partition B (Fig. 414) now contains the gas ; 
that between B and the piston A is a perfect vacuum. Let a hole be 
pierced in the partition so as to permit free expansion 
of the gas, which will then fill the whole space under the 
piston. This expansion will take place without change 
in temperature (p. 422), and we have now unit mass of B 
gas at volume v, and temperature T}. 

Keeping the piston fixed so as to maintain the 
volume constant, add sufficient heat to raise the tem- 
perature one degree. As the volume is constant, the mre, 414. 
heat required will be C,, the specific heat at constant 
volume. Had the entire operation taken place without extcrnal 
assistance, we should have required to supply heat energy sufficient 
to perform the external work (given in (2) above) in addition to Cy. 
This additional quantity of heat may be calculated from (2) by 
dividing by J, the mechanical equivalent of heat. Hence 


Total heat required =C, + A ta). 


This total heat represents the specific heat of the gas at constant 
pressure,C, say. Hence 


s Cy) =Cy+ Piv- e N (3) 
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From (1), n= 13 5 
De = (TE) v -= Ge - 1) a 
Cp =Cy ae ; 
Now, 94%, =RT, . (p. 406) ; 
=C, +5. a N E EE E rn (4) 


This equation enables the value of C, for a given gas to be calcu- 
lated, provided the other quantities are known. It is of interest to 
note that Mayer used known values of Cp, C, and R in order to esti- 
mate the value of the mechanical equivalent of heat. He assumed, 
however, that the internal energy of a gas does not change during 
free or unresisted expansion, an assumption which was not valid 
until it had been confirmed by Joule’s experiment (p. 422). 


EXERCISES ON CHAPTER XXXII. 


1. Give a brief explanation of the reasons for stating that the absolute 
temperature and the meañ of the squares of the velocities of the molecules 
in a gas are proportional. 


2. The total kinetic energy of the molecules of a gas and the absolute 
temperature are related. State the relation and explain it briefly. 


3. Make use of the kinetic theory of gases to explain what is meant by 
absolute zero of temperature. 


4. State Avogadro’s law. What deduction can be made regarding 
the relation of the mean of the squares of the speeds of the molecules of 
different gases under like conditions of pressure and temperature. 


5. What is meant by the “internal energy’ of a gas, and how is it 
measured in practice ? 


6. Describe Joule’s experiment on the free expansion of a gas. State 
the result and the inference which may be made. 


7. Work is done on a piston by air at a constant absolute pressure of 
14-7 lb. per sq. inch. How much work is dene (a) per cubic foot of air, 
(b) per pound of air admitted to the cylinder? Take one pound of air 
to occupy a volume of 12-5 cubic feet. 


_ 8. Draw a diagram of work done during the expansion of 500 c.c. of 
air at an absolute pressure of 6 kilograms wt. per square centimetre. _The 
final volume is 3000 c.c., and Boyle’s law is followed. Scale of pressure 
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1 cm. height to 1 kilogram wt. per square cm. ; scale of volume, 1 cm. to 
500 c.c. Find the area of the diagram, and hence calculate the work done. 


` 9. In heating a building, 300,000 cubic feet of air at the temperature 
of 10° C. and 1 atmosphere pressure enter the heating appliance per hour ; 
the temperature is raised to 16°C., and the pressure remains constant. 
Calculate the quantity of heat required per hour, given that the specific 
heat of air at constant pressure is 0-237 and that one cubic foot of air at 
0° C. and l-atmosphere pressure has a mass of 0-0807 pound. 


10. In Question 9, calculate the quantity of heat which is used in doing 
external work while the air is being heated. 


11. The specific heat of air at constant pressure is 0-237 and is 1-4 times 
that at constant volume. Find the heat required to raise the temperature 
of 100 kilograms of air from 0° to 100° C. at constant volume. 


12. Explain why the specific heat of a gas at constant pressure is greater 
than its specific heat at constant volume. Hence show that C, —Cy = p/duT, 
assuming that no internal work is done when a gas expands. (d=the 
density of the gas at pressure p and absolute temperature T.) Calculate the 
value of J, taking C, =0-238, C,,/C, =1-41, and the density of air at normal 
temperature and pressure =0-001293 gram per c.c. Bombay Univ. 

13. The specific heat of hydrogen at constant pressure is 3-402 calories 
per gram, and the density at 0° C. and 76 cm. of mercury is 0-08987 gram 
per 1000 c.c. Take J =42,000,000 ergs, and calculate the specific heat at 
constant volume. Find also the ratio of the specific heats. 


14. Explain the meaning of the term “ mechanical equivalent of heat.’’ 
Which is the greater, the specific heat of a gas at constant pressure, or the 
specific heat at constant volume; and why ? L.U. 

15. Explain briefly the relation which is supposed to exist, according 
to the kinetic theory of matter, between the velocity of the molecules 
of a gas, its temperature, and the pressure it exerts against the walls of 
a containing vessel. How is it deduced from this theory that two different 
gases contain the same number of molecules per unit volume at the same 
temperature and pressure ? Madras Univ. 


16. The specific heats of hydrogen at constant pressure and constant 
volume are 3-41 and 2-40 respectively. Explain the cause of this differ- 
ence. If one litre of hydrogen at N.T.P. weighs 0-09 gm., calculate from the 
above data the value of J, the mechanical equivalent of heat. 
(g=980 cm./sec.? ; density of mercury =13-6 gm. per c.c.) 

L.U.H.Sch. 


17. Define the specific heat of a gas at constant volume and the specific 
heat at constant pressure, and show why the latter is the larger. 

Describe a method by which one of them can be measured. What are 
_ the special difficulties of the experiment ? C.W.B., H.C. 
18. What is the kinetic theory of gases ? Show that it leads directly to 
_ Boyle’s law for a perfect gas, and that it indicates that the temperature of 


a gas is proportional to the mean kinetic energy of the molecules. 
C.W.B., H.C. 


CHAPTER XXXIII 


THE EXPANSION AND COMPRESSION OF GASES IN PRACTICE 


Isothermal and adiabatic expansion.—In isothermal expansion and 
compression of a gas, the operation takes place without change in the 
temperature. In adiabatic expansion and compression, no heat is 
allowed to enter or leave the gas during the operation. Strictly 
speaking, both methods of expansion and compression must be 
_ reversible, ¢.g. if expansion is going on, there may be certain altera- 
tions in the conditions of pressure, volume, temperature and internal 
energy ; these conditions must be capable of exact reproduction in 
the reverse order if expansion be stopped and compression sub- 
stituted. 4 

Neither isothermal nor adiabatic operations in a gas can be realised 
perfectly in practice on account of reasons explained below, but they 
serve as useful standards for comparison with practical cases. 

‘Heat must ke supplied during isothermal expansion.—It has been 
seen that no appreciable change in temperature occurs when a gas is 
allowed to expand freely (p. 422). In this method of expansion no 
external work is done, and the internal energy of the gas remains 
unaltered. External work is done, however, if a gas expands in a 
cylinder driving a piston which offers resistance. This external work 
may be done at the expense of some of the internal heat energy of the 
gas, in which case a fall in the temperature must occur ; hence such 
an operation cannot be isotherma:. If isothermal operations are to 
be secured, there must be no change in the temperature, and therefore 
no change in the internal energy. Hence, as none of the internal 
stock of energy is available for doing the external work, it follows 
that heat must be supplied continuously to the gas in quantity 
sufficient to perform the external work. The total heat thus supplied 
during the expansion must be equivalent to the total external work 
done. 
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Let W =the total external work done. 
Then C =the heat which must be supplied. 


Practical difficulties in isothermal operations.—The supplying of 
the requisite quantity of heat during isothermal expansion con- 
stitutes a practical difficulty which cannot be overcome perfectly. 
There is no material known of which the cylinder might be con- 
structed that will permit heat to pass rapidly enough into the gas 
as expansion proceeds. Further, heat will not flow from the walls 
of the cylinder into the gas unless the walls are at a temperature 
higher than that of the gas, and this heat, supplied at the boundary, 
has to be distributed through the entire volume of gas. A fairly 
close approximation to isothermal expansion may be obtained by 
causing the piston to move at a very slow rate, thus giving ample 
time for heat to enter through the cylinder walls and to distribute 
itself throughout the gas. 

in isothermal compression external work is done upon the gas, 
and the internal energy will be increased unless heat is abstracted 
from the gas. Anyone who has used an ordinary tyre inflator has 
noticed the rise in temperature of the discharge end of the inflator. 
Isothermal compression is the converse of isothermal expansion, and 
heat must be removed from the gas in quantity equivalent to the 
external work done on the gas during compression, 7.e. to W/J. 

Practical difficulties in adiabatic operations.—The principal diff- 
culty which prevents the realisation of adiabatic operations are due 
to the non-existence of any material which will absolutely prevent 
any leakage of heat, either inwards or outwards. The cylinder 
would require to be made of a material having perfect non-conducting 
qualities, and also having no capacity for heat. 

From what has been said regarding isothermal operations, it will 
be understood that the store of internal energy will diminish during 
adiabatic expansion, which will therefore be accompanied by a fall 
in temperature. The converse takes place during adiabatic com- 
pression. Internal heat energy to an amount equal to the external 
work done by the gas disappears from the gas during adiabatic 
expansion ; during adiabatic compression the internal energy is in- 
creased by an amount equal to the external work done on the gas. 

In a cylinder made of any ordinary metal, the quantity of heat 
which can flow into, or through the walls, depends upon the time 
allowed for the flow to take place. An approximation to adiabatic 
expansion or compression can be obtained by conducting the opera- 
tion very quickly ; but little heat will then enter or escape. The 
compressions and expansions which take place in sound waves occur 
so rapidly that the changes are adiabatic. 

D.8.P. 2E 
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Laws of expansion.—In isothermal operations performed on a 
perfect gas, Boyle’s law is followed, viz. 
pv =a constant. 
In adiabatic operations it may be shown that the law followed is 
po’ =a constant, 
where y is the ratio of the two specific heats of the gas, viz. C)y—Cy. 
In practice the law followed is of the form 
po =a constant, 
where the index n generally falls between the values 1 (the index 
for isothermal operations) and y. The value of y varies from 1-67 
for the monatomic gases such as argon, mercury vapour, etc., to 
nearly 1 for gases having highly complex molecules. 


Fiq@. 415.—Expansion curves for a gas. Fic. 416.—Compression curves for a gas. 


In the pressure-volume diagram shown in Fig. 415 a given mass 
of gas has been taken under initial conditions pı, v, Tı, and the 
point A has been plotted to represent these conditions. The curve 
AB represents isothermal expansion at constant temperature T}, 
ending at B where the conditions are p} v, and T,. AC represents 
adiabatic expansion ; this curve falls below AB, since the temperature 
is falling continuously, and therefore the pressure will be lower at 
any volume corresponding to a selected point on AB. The terminal 
conditions at C are ps, v and T,. The actual expansion curve 
obtained in any practical cylinder would generally fall between AB 
and AC, as is shown dotted in Fig. 415. 

In compression operations (Fig. 416) and starting at A with given 
conditions of pressure, volume and temperature, isothermal com- 
pression is represented by AB and adiabatic compression by AC. 
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Since the temperature is rising along AC; it follows that the pressure 
at corresponding volumes will be higher than in isothermal com- 
pression; hence AC lies above AB. The practical compression 
curve would generally fall between 
AB and AC, as is shown by the 
dotted line in Fig. 416. 

Air-exhausting pumps.— Pumps 
of this type are used for with- 
drawing air or other gases from 
closed vessels. A laboratory pump 
is shown in Fig. 417. The cylinder 
A is fitted with a piston B, which is 
rendered tight against air leakage 
by means of a leather ring. The 
piston has a valve which opens 
upwards, permitting the gas to 
pass from the lower to the upper 
side of the piston, but not vice 
versa. A similar valve is fitted at 
C. The piston rod D is worked by 
a lever (not shown) attached to 
the top end. The vessel to be 
exhausted is connected by rubber 
tubing toE. The gases enter at E, 
pass through F, and may enter the 
cylinder through a main passage G 
or through a by-passH. The exit 
orifice to the atmosphere is at K. 

Starting with the piston at the 
bottom of the stroke, the vessel 
to be exhausted is in communi- 
cation with both sides of the piston 
through G and H ; the pressures on the top and bottom of the piston 
are thercfore equal, and the piston may be moved easily. Immedi- 
ately the piston passes the opening of G, it begins to compress the gas 
in the space between the valve C and the piston. Compression goes 
on until the pressure of the enclosed gas is equal to that of the atmos- 
phere (neglecting the weight of C), when the valve C lifts, and the gas 
is discharged through C and K during the remainder of the stroke. 
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Fig. 417.— Air-exhausting pump. 
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The piston cannot quite arrive at the top of the cylinder, and 
hence all the gas will not be discharged. Complete discharge cam 
be obtained by introducing some oil, which lies on the top of the 
piston. As the piston approaches the top of the stroke, the oil fills 
ultimately the whole of the upper part of the eylinder, thus driving 
the entire gaseous contents through C. Some oil will find its way 
through C, and will remain on the top of this valve during the next 
downward stroke. 

During the upward stroke just described, more gas has been 
flowing into the lower part of A through Gand H. The piston now . 
descends, C closes and the space above B becomes more rarefied 
than that below; hence the valve in the piston opens, and the 
descent is completed with equal pressures on both top and bottom. 
On the piston passing G, the function of the by-pass H is to permit 
the escape of any gas or liquid which may be trapped between the 
piston and the bottom of the cylinder; the piston may thus be 
pushed to the cylinder bottom, and is then ready to repeat the 
action. 


During each upward stroke the volume of air removed is equal to 
that of the portion of the cylinder lying above G; this volume is at 
the pressure existing in the vessel under exhaustion at the beginning 
of the stroke considered. 

Let  V=the volume of the vessel up to the opening of G into 

the cylinder (Fig. 417). 
v=the volume of the cylinder between B and C. 
p, =the initial pressure in the vessel, taken as equal to that 
of the atmosphere. | 


Assuming that the temperature remains constant, we may find 
the pressure after any number of strokes by applying Boyle’s law. 
Thus, the piston being at the bottom, the total volume is (V+v); 
during the first upward stroke, the volume removed is v at pressure 
Pı While this stroke is proceeding, the air in the receiver expands 
from V at p, to (V +v) at pə. 


<. P =p +0), 
or Z V 
PaF (vis): a A EA E E EOR E (1) 


This gives the pressure at the end of the first upward stroke. 
There is no change in pressure during the next downward stroke : 
hence we have the piston again at the bottom, and the volume is 
(V+v) atp,. During the second upward stroke a volume v is removed 
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at pressure pẹ, and the air in the vessel expands from V at p, to 


(V +v) at P3; <. PN =p3(V +0), 
V V \e 
P= (a5) == (ss) ig <2. wane ceswue pes (2) 
Similarly, at the end of the nth upward stroke the pressure is 
given by V yn 
p=(75) (RRR 205 (3) 


Mercurial air pump.—The pump shown in Fig. 418 is used for 
exhausting the bulb A. A is connected at B to an inverted U tube 
CBD, having a bore of about 1 mm. Another 
tube EF has a funnel at its top end, and is 
connected by rubber tube FC to the U tube. 
Mercury is poured into the funnel, and the flow 
through the tubes is regulated by means of a 
pinch-cock G. The limb BD should be about 
one metre in length. In action the mercury 
passing the branch at B separates into drops, 
and after descending BD is discharged into a 
beaker. Air from the bulb A fills the spaces 
between the drops, and is swept down the tube 
by the descending mercury. As exhaustion 
proceeds, the air in A becomes rarefied, the 
spaces between the drops become smaller, and 
finally the column of mercury in BD is equal to 
the height of the barometer. The conditions inA 
are then similar to those in a Torricellian vacuum. 

Gaede’s molecular air pump.* — However 
smooth the surface of any solid may appear to 
be, there are two kinds of irregularities, viz., 
mechanical and molecular. The mechanical 


irregularities may be reduced by skilful work- | 
manship, but the molecular irregularities cannot U 
be so reduced. The formation of a film of gas, G TI 


adhering to the surface of a solid in contact Fira. 418.—Mercurial 
with the gas, is probably due to these molecular AE. 
irregularities. If the surface be in motion, the adhering film moves 
with it, and in turn drags the adjacent layers of gas. 


* See Nature, Vol. 90, January 23, 1913, p. 574. 
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The principle of the Gaede molecular air pump may be understood 
by reference to Fig. 419. A cylinder A rotates clockwise in a case B, 
and B has two openings n and m connected by a slot. The gas 1s 
dragged by the cylinder from n to m, and consequently a difference 
of pressure is established between n and m. This pressure difference 
is proportional to the speed of rotation and also to the internal 
friction of the gas. The latter is inde- 
pendent of the pressure, and hence the 
difference in pressure produced should 
also be independent of the pressure. 
This is true for relatively high pressures, 
but if it continued to be true down to the 
lowest pressures, we should be able to 
create an absolute vacuum by exhausting 
initially with another pump at n (Fig. 419) 
to a pressure lower than the constant 
difference of pressure between n and m. 
Mites: <0 Tea This is no longer the case for pressures 

'* molecular sir pump. Lower than 0-001 mm. of mercury. If the 

surface of the cylinder A had a velocity 
greater than the molecular velocity, we would obtain an absolute 
vacuum, but such speeds are impossible in practice. However, at 
these low pressures the ratio of the pressures at m and n remains 
constant independently of the pressure, and it has been found that 


YM A 


b 


Fig. 420.—Construction of the Gacde molecular air pump. 


speeds of 8000 to 12,000 revolutions per minute are sufficient to 
give a vacuum better than that produced by any other type of 
pump. 

In practice the pump is constructed as shown in Fig. 420. The 
cylinder A is grooved, and a tongue C projects from the case into 
the groove ; this is equivalent to a very long slot in the case. In 
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order to increase the efficiency, several grooves are cut in A, and are 
connected with one another so that the low-pressure side of one 
is the high-pressure side of the next (Fig. 420 b); there is thus a 
number of pumps in series. A preliminary pump is used in order 
to reduce the initial pressure to a few millimetres of mercury. The 
Gaede pump deals effectively with vapours as well as gases, since 
there is no compression during 
the removal and therefore no con- 
densation of the vapours. An 
external view of the pump is given 
in Fig. 421. 

Very low pressures can be ob- 
tained by first exhausting the 
vessel as thoroughly as possible 
by means of a pump. A tube 
containing coconut charcoal, and 
in communication with the vessel, 
is immersed in a bath of liquid 4 
air. The remainder of the gas in |W - 
the apparatus condenses in, and \WKe™ 
is absorbed by, the charcoal, thus 
producing a very low pressure. 


M‘Leod’s pressure gauge.—The 
pressure gauge illustrated in Fig. 
422 is suitable for measuring low 
pressures. A vertical tube ABCD is sealed at its top end ; the portion 
AB is of small bore and there is a large bulb between B and C. The 
lower end is connected by flexible tubing to a mercury cistern E 
furnished with a tap. A branch at C leads to another tube FG, of 
the same bore as AB in order to avoid capillary effects, and thence to 
the vessel in which the pressure is to be measured. 

With the mercury level adjusted so that the branch at C is just 
closed, the volume V contained between A and C is known from a 
previous calibration, as are also the volumes between A and various 
levels of the mercury in AB. A scale of volumes is attached to AB, 
zero of the scale being at A. 

In using the gauge, the level of the mercury is first adjusted so as 
to be lower than C; the whole of the space above the mercury 
surface is filled with gas at the same pressure as that in the vessel. 
The cistern E is then raised slowly, and the mercury level in CD 
rises. On reaching C, the mercury seals the gas in ABC. Further 


FIG. 421.—Gaede molecular air pump. 
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raising of the cistern ultimately produces the result shown in Fig. 422, 
in which the mercury surface is at K, and the entrapped gas has 
been compressed to a volume V’ as shown by the scale of volumes. 
The mercury level in FG is now at L, and is 
still subjected to the pressure which it is in- 
tended to measure ; let this pressure be p mm. 
of mercury, and let h mm. be the difference in 
levels at K and L. Then the pressure of the 
volume V’ of gas in AK is (p +h) mm. of mercury. 

Assuming that there has been no change in 
the temperature of the room while the obser- 
vations have been made, and that sufficient 
time has been given to permit the compressed 
gas in AK to return to its original temperature, 
we may apply Boyle’s law. Thus: 

pV =(pth) V' =pv' +A", 
J p(V-V’)=Av’, 
Be, 
VV" 

EXAMPLE.—In a M‘Leod pressure gauge, 
V=50 c.c.; in measuring the pressure in an 
‘exhausted vessel, 2 was 8 mm. and V’ was 
0:2 c.c. Find the pressure. 

RS iG 
P=50 0-2 49-8 
=0-0321 mm. of mercury. 


or, 


Action in an air compressor.—The use of com- 
pressed air for operating certain machines has 
become of great importance. The principal 
parts of an air compressor may be understood 
by reference to Fig. 423. A cylinder A is fitted 
with a piston B, which is driven up and down 
in the cylinder by means of a connecting rod 

Fio. 422.—M‘Leod’s CD, which is connected to the piston by a pin 

pressure gauge. ° 
at C, and to a revolving crank ED. The crank 
is fixed to a shaft E, which is driven by some outside source of 
power, such as a steam engine or an electro motor. 

At the top of the cylinder is a suction valve F, which opens when 
the piston is moving downwards, and this permits air from the 
atmosphere to flow into the cylinder. During the upward move- 
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ment of the piston the suction valve F is closed, and the air in the 
cylinder is compressed and delivered through a discharge valve G 
into a receiver not shown in Fig. 423. The discharge valve opens 
at the instant when the rising pressure in the cylinder has reached 
the pressure in the receiver, or a 
pressure slightly higher. Pipes con- 
nect the receiver to the machines to 
be driven. 

The compression is kept as nearly 
isothermal as possible by means of 
water circulating in a water jacketH, 
which surrounds the cylinder. Cold 
water enters the jacket at K and is 
discharged at L. The practical 
objects of the cold-water jacket are 
twofold: (a) The working parts of 
the cylinder would otherwise become 
excessively hot, and damage would 
probably result. (b) Air discharged 
hot into the receiver will cool there 
by conduction of heat through the | 
receiver walls into the atmosphere ; 
this heat is wasted, and represents 
mechanical work done by the source 
of power on the piston of the com- 
pressor. Less power will be required 
to drive the machine if the tempera- 
ture in the cylinder is prevented from rising considerably during 
compression. 

Of course heat is carried away by the water circulating in the 
jacket and is thus wasted, but it is more economical of power to 
abstract this heat from the air while still in the cylinder rather than 
from the air after it has passed into the receiver. 


Fig. 423. —Section of an air compressor. 


Diagram of work done in an air compressor.—A pressure-volume 
diagram for the air compressor is shown in Fig. 424. Starting with 
the piston at the bottom of the stroke, the cylinder is full of air at 
atmospheric pressure p}, the volume being v,; these conditions are 
plotted at A. As the piston moves upwards, compression (approxi- 
mately isothermal) of the air takes place along the curve AB. Both 
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valves F and G (Fig. 423) are closed during the compression. When 
the pressure reaches the receiver pressure, pə, the discharge valve 
G opens, and delivery into the receiver occurs at constant pressure 
Pa; this is shown in Fig. 424 by the horizontal line BC. 

Delivery of air stops when the piston reaches the top end of the 
stroke. Had the whole of the contents of the cylinder been expelled 
into the receiver. the pressure in the cylinder would drop instantly 
to that of the atmosphere 
when the piston starts to 
ple B move downwards. Total ex- 
š pulsion is not possible, since 

practical conditions require 
that there should be a small 
clearance volume, ve, between 
the piston when at the top of 
the stroke, and the cover. 
V Hence, at the beginning of 
ee eee Si diate Pa the downward stroke there 
Fic. 424.—Diagram of work done in compressing is a volume of air v. at a 
| net i pressure pə Expansion of 
this air takes place along the curve CD, and at D the pressure has 
fallen to p,.. The suction valve now opens, permitting a fresh supply 
of air to enter the cylinder, as shown by the horizontal line DA. 
: Assuming isothermal compression, and applying Boyle’s law, we 
ave 


S 
ea 
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pet . . Pı W" 
P11 =Pore5 eie Vm AT 
Pe 


Also, Air delivered into the receiver = (v, — ve), at pressure py. 
Let v be the volume of this air when reduced to atmospheric 


pressure p4, then PO =Do (Vg — Ve); 
_ Pe Pz (2 ) 
V =— (Va — Ve) =— | — V — Ue 
p 27) =p pa 
Po 
E 
t Pı 


Thus a portion only of the total volume v, reaches the receiver. 
_ The total work done on the air during the compression and delivery 
is represented by the area ABCEGA (Fig. 424). During the downward 
stroke of the piston the air in the cylinder does work on the piston 
to an amount represented by the area CDAGEC. Therefore the net 
work which must be supplied to the compressor during the two 
strokes of the piston (one upwards and one downwards) is repre- 
sented by the difference in these areas, viz. ABCDA. 

Action in charging an air receiver.—Reference is made to Fig. 
425, in which A is an air compressor in which the piston travels 
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between B and G. Air enters the cylinder from the atmosphere 
through a valve C, and is discharged through a valve D and pipe 
DE into the receiver F, which initially contains air at atmospheric 
pressure p,. At the beginning of the first compression stroke, the 
piston is at B and the cylinder is full of air at atmospheric pressure. 
In the pressure-volume diagram, al is a horizontal line representing 
pressures equal to p,, and b is the point corresponding to the initial 
conditions in the cylinder. On pushing the piston inwards, the 
discharge valve D opens practically at once, since the pressures are 
equal on both sides of it, and air will be delivered into the receiver 
throughout the whole stroke ; this first compression stroke is repre- 
sented by. the curve bc, and the piston comes to rest at G. In this 
stroke the initial volume % is the total volume of air in the receiver, 
pipe and cylinder up to the 
piston at B. The final vol- 
ume v, is the total volume 
in the receiver, pipe and 
cylinder up to the piston 
at G. Assuming isothermal 
compression, and applying 
Boyle’s law, we have 


PPa fe 
2 


During the early part of 
the first return stroke, the 
air in the clearance volume of the cylinder, under initial conditions 
represented by the point c, expands down to atmospheric pressure 
along the curve cd. The remainder of the return stroke then takes 
place along the line db. 

During the early part of the second compression stroke of the 
piston, both valves C and D are closed, since the pressure is rising, 
but is not yet equal to the pressure p, in the receiver. Hence the — 
initial volume being dealt with is the volume in the compressor 
cylinder only, and the pressure therefore rises at a more rapid rate, 
as is shown by the line be (Fig. 425). At e, which is at the same 
height (or pressure) as c, the discharge valve D opens, and the 
remainder of the stroke is completed by compressing the total volume 
of air in the receiver, pipe and cylinder. This part of the stroke is 
shown by the curve ef; the rate of rise of pressure is lower in this 
stage than in the earlier part of the stroke, owing to the larger 
volume of air being compressed. Expansion from f back to 
atmospheric pressure takes place along the curve fg, and intake 
of fresh air along gb follows as before. Other two successive 
strokes are shown in Fig. 425 by the curves bhkmb and bnogb. The 


Fiq. 425.—Action in charging an air receiver. 
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operations are repeated until the desired pressure is reached in the 
receiver. ; 

The action of pumping up a bicycle tyre is similar to that described 
above, with a slight difference owing to the volume of the receiver 
(the rubber tyre) not being constant, but increasing to some extent 
as the charging process goes on. The pressure-volume diagram will 
be altered in this respect only—the curves bc, ef, hk, etc., will not 
rise so steeply ; the other portions of the diagram in Fig. 425 will 
þe unaltered. 


Bell-Coleman refrigerating machine.—The earliest commercially 
successful refrigerating machines operated by taking advantage of 
the heating and cooling that occurs 
when a gas is compressed and ex- 
panded adiabatically, or approxi- 
mately so. The action in the Bell- 
Coleman refrigerating machine may 
be understood by reference to Fig. 
426. A is the chamber which is to 
be kept at a low temperature. A 
pump B draws air from this chamber 
and compresses it ; during this opera- 
tion the temperature of the air rises. 
The pump delivers the hot air at a 

A Dolor veneoead Of the Bell- pressure of 3-5 to 4 atmospheres into 
a pipe coil C, which is kept cool by 

means of cold water circulating round it. The air, after cooling in 
C, is fed into a motor cylinder D, where it is allowed to expand, 
doing work in driving a piston, and thus assisting the pump piston 
in B. During the expansion the air falls in temperature, and at the 
end of expansion the air is delivered at low temperature into the 
refrigerator chamber A, where it again takes in some heat from 
the walls of the chamber, and from the mutton and other substances 


being chilled. A steam engine, or some other source of power, is 
used to drive the pump. 


EXERCISES ON CHAPTER XXXIII. 
l. Define isothermal and adiabatic expansion of a gas. Explain how 
these operations may be realised approximately. 


2. Some gas is contained in a cylinder fitted with a piston, and does 
work on the piston whilst expanding. If the expansion is isothermal, heat 
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must be supplied. Explain this, and state what quantity of heat is 
required in order to maintain constant the temperature. 


_ 3. A metal syringe has a nozzle adapted to receive a small piece of 
tinder. If the piston of the syringe be pushed in very rapidly, the tinder 
may be ignited. Give a full explanation of this. 


4. 880 cubic inches of air at a pressure of 90 lb. wt. per sq. inch absolute 
_ are expanded to a volume of 3520 cubic inches. Calculate the final pressure 
(a) if the expansion is isothermal, (b) if the expansion follows the law 
pv =a constant, (c) if the law is pv? =a constant. 
5. In Question 4 (b), find the final temperature of the air if the initial 
temperature is 40° C. 


6. Make an outline sketch of the principal parts of a machine for 
compressing air and describe the ection. 


7. A bicycle tyre has a capacity of 200 cubic inches when fully inflated, 
the pressure being then 2-5 atmospheres (absolute). If the tyre initially 
is quite flat, calculate the volume of air at atmospheric pressure required 
to inflate it. af t 

8. An air receiver has a capacity of 20 cubic feet, and contains air at 
one atmosphere absolute pressure. How many cubic feet oi air at atmos- 
pheric pressure must be pumped into the receiver in order to attain a 
_ pressure of ê atmospheres (absolute). Assume that the temperature does 
not alter. Sketch approximate pressure-volume diagrams for the first 
three strokes of the pump. 

9. A vessel to be exhausted of air contains 2400 c.c. ata pressure of 
76 em. of mercury absolute. The air-pump is similar to that shown in 
Fig. 417 and removes 160 c.c. of nir during the first upward stroke. What 
will be the pressure in the vessel at the end of the fifth upward stroke ? 


10. The cylinder of an air compressor is 7 inches in diameter, and the 
piston has a stroke of ł0 inches. When the piston is at the end of the 
stroke, the clearance volume it 5 cubio inches. Air is taken in at a pressure 
of one atmosphere and is compressed isothermally to 6 atmospheres: (both 
absolut> pressures) before being discharged into a receiver. What volume 
of air, measured at atmospheric pressure, is discharged each stroke ? 
Sketch a diagram showing the action. . 3 

tl. Give an outline sketch and explain the action of a refrigerating 
machine using air. ; 

12. What are adiabatic and isothermal changes? Explain why the 
barrel of an ordinary bicycle pump becomes heated when air is pumped 
into a tyre. Allahabad Univ. 

13. Give an account, with a sketch, of some form of gas-pump suitable 
for the attainment of very low pressures ; and of a gauge which will measure 
such low pressures. Madras Univ. 

14. Explain the action of a mercury air-pump. Show how to find the 
pressure of the air in the receiver of a simple air-pump at the end of ten 
strokes of the piston, the volume ox the barrel and the receiver being 50 c.c. 
and 200 c.c. respectively. If the valve at the bottom of the barrel is a 
metal disc of area 10/6561 sq. inch, and its weight is 1/16 oz., find after how 
many strokes maximum exhaustion will be reached, assuming the atmo- 
spheric pressure to be equal to 14-4 lb. per sq. inca. Presidency College. 
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15. In a M‘Leod pressure gauge (Fig. 422, p. 436), the tube AB has a 
bore of 1 mm. and is graduated in mm. The total volume between A 
and C is 100 c.c. In measuring the pressure in a vessel to which this 
gauge is connected, the following readings were taken : Level of the mercury 
at K, 56-3 mm. ; difference in levels at KandL,4-6mm. Find the pressure 
in the vessel. 


16. In Question 10, assume that the compressed air in the clearance 
space expands in accordance with Boyle’s law, and calculate the distance 
travelled by the piston during the suction stroke before the suction valve 
opens. 

17. What is meant by (a) an isothermal change, (b) an adiabatic change ? 
Give examples of such changes. A volume of gas at 17° C. and 760 mm. 
of mercury pressure expands adiabatically until its volume is doubled. 
Find the new temperature and pressure, given that the ratio of the specific 


heats of the gas at constant pressure and constant volume is 5/3. 
L.U.H.Sch. 


18. Define an isothermal. What is the shape of the isothermals of a 
perfect gas ? 

A litre of air at 0° C. and atmospheric pressure is allowed to expand 
until its volume is 10 litres and its pressure 0-1 atmosphere, the supply of 
heat being regulated during its expansion so that the graph of pressure 
against volume is a straight line. Find the temperature of the air when its 
volume is 2, 4, 6 and 8 litres. C.W.B., H.C. 


19. A single barrel exhaust pump is used to pump air from a vessel whose 
volume is 100 times that of the pump barrel. How many strokes are 
required to reduce the pressure in the vessel to one-half of its original value ? 
State the factors which determine the limits of exhaustion attainable with a 
vacuum pump of this type. J.M.B., H.S.C. 


20. Describe some simple form of air-pump for removing air from a 
vessel, and explain the conditions which must be satisfied to obtain a good 
vacuum. 

If the space untraversed by the piston of an exhaust pump is 1/200 of the 
volume of the cylinder, and if the valve between the receiver and the 
cylinder requires a difference of pressure of 3 mm. of mercury to open it, 
while that between the cylinder and the atmosphere requires a difference of 
pressure of 40 mm., calculate the lowest pressure to which the air in the 
receiver can be reduced if the barometer stands at 760 mm. 

C.W.B., H.C. 
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CHANGE OF STATE 


Change of state from solid to liquid.—A solid may be conceived as 
a collection of molecules which preserve their relative mean positions 
in ordinary circumstances. Each molecule may vibrate in a 
comparatively small space, but does not leave that space. If heat 
be imparted continuously to a solid, a temperature is reached at 
which the molecular motions have increased to such an extent that 
cohesion is no longer possible. At this temperature a change of 
state from solid to liquid occurs. That cohesion has broken down is 
shown by the ease with which the blade of a knife may be passed 
through water compared. with the difficulty experienced in cutting a 
block of ice. The molecules make extended excursions in a liquid 
and currents of molecules are set up easily. 

Melting point.—The melting point of a substance is the temperature 
at which change of state from solid to liquid occurs. This tem- 
perature is generally the same as that at which solidification of the 
same substance takes place—a temperature which is called the 
freezing point of the substance. Different substances have different 
melting points; thus, ice melts at a temperature much lower than 
paraffin wax. 


The melting points of some substances are well defined, and are 
thus determined easily. Others, such as glass and wrought iron, 
have an intermediate plastic stage in which the material can be 
worked into different shapes. Some substances expand when freez- 
ing, others contract. Thus the volume of a mass of ice is greater 
than that of the water from which it was formed (p. 340). Cast 
iron expands on solidification, a fact which enables sharp, accurate 
castings to be made; the molten metal is poured into a mould and 
fills it completely during solidification. Paraffin wax is an example 
of a substance which contracts while solidifying. 
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Influence of pressure upon the melting point of a substance.— 
Water freezes at 0° C. when the pressure is one atmosphere. If the 
pressure is increased, the expansion which must take place during 
solidification is prevented partially and the freezing point is lowered ; 
the substance thus remains liquid while the temperature is lowered 
below 0°C. In general, substances which expand in solidifying 
have their freezing points lowered by increase in pressure; others 
which show contraction in freezing have the freezing points raised 
by increase of pressure. Thus the melting point of ice is lowered 
by about 0-0072° C. for each increase in pressure of one atmosphere. 
Paraffin wax melts at 46-3° C. at a pressure of one atmosphere, and 
at 49-9° C. at 100 atmospheres. 

That the freezing point of water is lowered by increase of pressure 
was proved experimentally by Lord Kelvin, who applied pressure 
to ice contained in a closed glass vessel by means of a screw tapped 
into a hole in the cover of the vessel. The vessel contained a ther- 
mometer in a case so as to protect it from the effects of the high 
pressure. The following simple experiment illustrates the same fact. 


Expr. 93.—The freezing point of water is lowered by pressure. Let a 
block of ice rest on two supports ; attach a heavy weight to a loop of copper 
or iron wire and pass the loop round the ice. The pressure of the wire on 
the ice causes the freezing point to be lowered, and the ice melts under the 

Jire. Ultimately the wire passes completely through the block. During the 
passage of the wire, the water formed on the lower side of the wire passes 
round the wire to the upper side, and being relieved of pressure, freezes 
again. Thus the block of ice at the end of the experiment is still one 
solid body. 

In skating on ice, if the skates are sharp and in good order, the pressure 
on the sharp edge is sufficient to cause momentary melting of the ice under 
the edge. Thus a person may be said to be skating on water. 


Expt. 94.—Determination of the melting point of a substance. The 
following method may be used for substances having comparatively low 
melting points, such as parafiin wax, sulphur, etc. A small quantity of 
the substance is enclosed in a short piece of thin glass tube of small bore ; 
the tube is then fastened to the stem of a thermometer, near the bulb 
(Fig. 427). Both are then placed in a test tube fitted with a cork to keep 
the thermometer steady. The test tube contains some liquid which may 
be warmed, and has a wire stirrer fitted. The liquid chosen should have 
a boiling point higher than the meiting point of the substance under 
examination ; water may be used for finding the melting point of wax, and 
oil, or sulphuric acid, in determining the melting point of sulphur. 
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Heat the test tube gently and stir constantly until the substance is 
Observed to melt. Note the temperature and allow the tube to cool. Note 
the temperature at which solidification is observed to occur. Repeat the 


MA 
Fig. 427.—Apparatus for determining Fig. 428.— Melting point 
melting points. by cooling. 


operations several times and take the mean temperature as the melting 
point of the substance. 


Expt. 95.— Melting points by cooling experiments. Referring to Fig. 428, 
a test tube contains some paraffin wax or naphthalene, and is fitted with 
a cork and thermometer. The cork has a 
groove cut up one side, so that it does not 
fit air-tight. Heat the tube until the sub- 
stance is melted, and raise the temperature 
about 10° C. higher than the melting point. 
Clamp the test tube at some height above 
the table, and observethe temperature every 
half-minute during cooling. Continue until 
the substance has solidified and cooled con- 
siderably below the freezing point. 

Plot temperature and time, giving a graph : ; 
resembling Fig. 429. AB shows the fall in Dp oaidineation: ott 

D.S.P. 27 


Temp. 
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temperature of the liquid; BC indicates steady temperature conditions 
while solidification is taking place, and CD shows the further fall in tem- 
perature of the solid substance. The melting point is ¢, and is shown by 
the height of the horizontal line BC. 

This method of cooling is much employed in the investigation of metallic 
alloys, and gives valuable information regarding the temperatures at 
which various constituents of the alloy change into the solid state. 


Latent heat of fusion.—In testing the freezing point of a ther- 
mometer (p. 316), it has been observed that the temperature remained 
steady whilst the ice was melting. Expt. 95 illustrates the same 
fact with other substances. Since melting and freezing take some 
time to complete, it is evident that heat is entering the substance 
during liquefaction and is leaving it during solidification. The latent 
heat of fusion of a substance is the quantity of heat which must be 
imparted at constant temperature to unit mass of the substance in 
the solid state in order to effect the change of state from solid to 
liquid. 

Expt. 96.—Latent heat of fusion of ice. Weigh a copper calorimeter; 
pour in about 300 c.c. of water; weigh again and thus ascertain the mass 
of the water. Take a piece of ice weighing about 50 grams; wrap it in 
blotting paper in order to remove moisture. Take the temperature of the 
water in the calorimeter; and drop the dry ice into the water. Stir 
gently until the ice has disappeared and note the temperature at this 
instant. Weigh again in order to find the mass of ice used. 

Let m =the mass of the calorimeter, in grams. 

s =the specific heat of its material. 
m,=the mass of water used, in grams. 
m,=the mass of ice used, in grams. 
t, =the initial temperature of the water, deg. Cent. 
tə =the final temperature, deg. Cent. 
L =the latent heat of fusion of ice, in calories: 

The ice has taken in latent heat while melting, and the resulting water 
has been raised in temperature from 0° to #,° C. Assuming that the heat 
taken up by the ice and resulting water is equal to that given up by the 
water originally in the calorimeter and by the material of the calorimeter, 


we: have Ma(L +t) =(m, +ms)(t, — ty) ; 
Mı +MS 
; L= (Tate 4, =b) ~É 


The latent heat of fusion of ice is about 80 calories per gram. Compare 
this value with the result of the experiment. 
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Expr. 97.—Latent heat of fusion of paraffin wax. This experiment 
is carried out in the same manner as Expt. 96, excepting that melted 
paraffin wax is substituted for the ice. The calculation differs somewhat, 
as account must be taken of the heat given up by the liquid wax 
while cooling to its freezing point. The latent heat given up while solidi- 
fication is taking place, and the heat given up by the solid wax while 
cooling to the final temperature of the mixture. 

Let m, =the mass of water in the calorimeter, in grams. 

m, =the water equivalent of the calorimeter, in grams. 
m; =the mass of wax used, in grams. 

t =the initial temperature of the liquid wax, deg. Cent. 
ta =the freezing point of the wax, deg. Cent. 

t =the initial temperature of the water, deg. Cent. 
t,=the final temperature of the mixture, deg. Cent. 

sı =the specific heat of the wax in the liquid state. 
8,=the specific heat of the wax in the solid state. 

L =the latent heat of the wax, in calories. 

The specific heats s, and s, may be obtained by application of the 
methods explained in Chapter XXVI. Assuming that the heat given up by 
the wax is equal to the heat taken up by the water and by the material of 
the calorimeter, we have: 

Mg84(ty ~t2) + msl +mgsq(tz — t4) = (Mı +Me)(t4 — ts) 
or, L _(m +Ma)(ta —ts) — M3181 (t1 — ty) +82 (te - ta)} 
Ms 

Freezing points of solutions——When a solid is dissolving in a 
liquid, e.g. common salt in ‘water, the solid takes in latent heat of 
fusion; this heat is derived from the store of heat in the liquid, 
and hence a cooling effect is produced. If the action is not merely 
the dissolving of the solid in the liquid, but includes chemical com- 
bination of the two substances, heat may be generated by the chemical 
process, and there may be a rise in temperature. An example of this 
occurs when a stick of caustic potash is dropped into water, consider- 
able rise in temperature taking place. 

The freezing point of a solution is always lower than that of the 
solvent. Thus, if equal weights of ammonium nitrate and water, 
both at 0° C., be brought together, the temperature of the resulting 
liquid will be found to be about -15° C., a temperature which 
renders the mixture useful in cooling operations. Another useful 
freezing mixture is produced by mixing equal weights of common 
salt and snow or pounded ice. 
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Determination of specific heats by the Bunsen ice caiorimeter.— 
This method is useful when a small quantity of the substance oniy 
is available. The apparatus employed (Fig. 430) consists of a test 
tube A fused into a bulb B. A tube C leads from the bottom of B 
and has an iron coupling D, which serves as a connection for 
another fine bore tube S. S has a millimetre scale attached to 
it. The part of B surrounding A contains pure water which has 
been boiled, and the lower part of the bulb B and the whole of the 
tube CD and part of S contain pure mercury. The position of 
the end of the mercury in S may be adjusted by pushing the tube 
to a greater or less extent into the collar D. Some of the water in 
B is frozen by a process of circulating chilled 
alcohol into and out of the test tube A, or by 
evaporating ether in the test tube. The whole 
apparatus is then immersed in fresh pure snow. 
The shell of ice round A may be from 6 to 10 mm. 
thick. 

The apparatus is calibrated by introducing 
some pure water into A. If the mass of this 
water is m and its initial temperature t, then it 
gives out mt units of heat in falling to 0°C. In 
consequenc of this, some of the surrounding ice 
melts and shrinks in volume, and the mercury 
in S recedes. Let the recession amount to n 

Fie. 430.—Diagram SCAale divisions, then one scale division of move- 
See re cnori mens corresponds to mt/n units of heat. It will 

í be noted that the principle relied upon for the 
measurement ıs that of the latent heat of ice, combined with the 
change of volume which takes place when ice melts. 

A fragment of the substance to be tested is now heated, in a heater 
(p. 347) and dropped into some water already in A. A plug of cotton- 
wool at the bottom of A prevents fracture of the tube. Let m, and 
i be the mass and initial temperature of the substance. Suppose 
the mercury recedes w, scale divisions while the substance is cooling 
to 0°, and let q be the quantity of heat corresponding to 1 scale 
division. Then, if s is the specific heat of the substance, 


My Sty =u, 
u 
oa 
Matı 


The position of the mercury in S does not remain constant when 
the instrument is not in use ; hence a correction has to be applied. 
Observe the movement of the mercury during half an hour before 
the experiment and again for half an hour after finishing the experi- 
ment. Let the movements be respectively u, scale divisions in č, 


XXXIV EVAPORATION 443 


minutes and ws scale divisions in t; minutes. Then the average 
movement is given by 

Average rate of variation =} (= +73) 
2° ts 


The correction to be applied in the experiment is this quantity 
multiplied by the duration of the experiment in minutes. 


Change of state from liquid to vapour.—In liquids, collisions 
between the molecules will be frequent, as there is but little space 
in which a molecule can move. Heat imparted to the liquid in- 
creases the speed of the molecules, thus enabling the liquid to store 
the additional energy. Tne surface film (p. 298) prevents the escape 
of most of the molecules, but those molecules which happen to have 
a speed considerably higher than the mean speed when in the neigh- 
bourhood of the surface may break through the surface film and 
escape. Molecules which have escaped in this manner mingle with 
the gas over the liquid and behave in the same way as gas molecules. 
The action is called evaporation, and the accumulated escaped 
molecules are called a vapour. If the liquid is contained in an open 
vessel, evaporation would lead in time to the total disappearance of 
the liquid. 

The process of evaporation may be hastened by raising the tem- 
perature of the liquid, thus increasing the mean speed of the molecules 
and so enabling them to break more easily through the surface film. 

Evaporation in a closed vessel.—Suppose there to be some liquid 
in a closed vessel from which air and all gases, other than vapour 
formed from the liquid, have been extracted. Molecules will be 
escaping continually from the liquid ; other molecules in the vapour 
will occasionally strike the surface of the liquid, and will penetrate 
the surface film, thus rejoining the liquid; the latter operation is 
called condensation. Conditions will be attained ultimately in which 
the number of molecules escaping from the liquid per second is 
balanced exactly by the number of molecules returning per second. 
There is then a definite number of molecules per c.c. in the vapour 
space of the vessel, and the vapour is said to be saturated. A saturated 
space is one in which no greater number of molecules can be main- 
tained under the existing conditions. 

Saturated conditions are attained very quickly in a closed vessel 
such as has been assumed above. In fact, the space available for 
vapour is always saturated. Both liquid and vapour will be at the 
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same temperature. Raising the temperature of the vessel and its 
contents causes an increase in the mean speed of both liquid and 
vapour molecules. The effect of the former is to render easier the 
escape of more molecules, and of the latter, to increase the pressure 
on the walls of the vessel due to the bombardment of vapour mole- 
cules. At any stated temperature, the saturated vapour space 
contains a definite number of molecules per unit volume, having a 
definite mean speed, and hence producing a definite pressure on the 
walls of the vessel. Hence the pressure of a given saturated vapour 
at a given temperature is constant. 

Saturated vapour.—Reduction of the capacity of the vapour space 
available in a closed vessel will not lead to any increase in the pressure 
of the vapour, provided the temperature of the vessel and its contents 
be maintained constant. Saturated vapour at a given temperature 
can have one pressure only, and reduction of the capacity of the 
vapour space will therefore produce condensation of some of the 
vapour. If such reduction be continued, the whole of the vapour 
condenses ultimately, the effect being completed when the total 
capacity of the vessel is sufficient to accommodate only the given 
quantity of liquid at the given temperature. 

Saturation conditions in any space, of whatever capacity, are 
mdependent of the volume, but there must be sufficient liquid 
available to form enough vapour to saturate the space. If the 
quantity of liquid be insufficient, the whole of it will be evaporated 
before saturation of the space occurs ; the vapour is then said to be 
unsaturated. 

Superheated vapour.—If saturated vapour be conducted away from 
a closed vessel by means of a pipe, and if heat be then imparted to 
it without the pressure being allowed to rise, the temperature will 
increase, accompanied by an increase in the mean speed of the 
molecules, and the vapour is found to behave more like a perfect 
gas, t.e. it obeys the laws of Boyle and Charles. Such vapour is no 
longer in a condition in which it may be very easily converted into 
the liquid state, and is said to be superheated vapour. The term is 
synonymous with the term unsaturated vapour. 


Expt. 98.—Maximum vapour pressure at the temperature of the room. ~ 
Arrange two barometer tubes A and B (Fig. 431) as previously directed 
(p. 259). Bend the point of a small pipette C, and charge it with the liquid 
whose vapour pressure is to be examined. Put the point of the pipette 
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under the open mouth of B, and by blowing introduce a very small quantity 
of the liquid ; this will rise to the surface of the mercury at D, and if the 
quantity of liquid is small enough, the whole of it will be evaporated. 
The space above the mercury in B thus becomes filled with unsaturated 
vapour, and the level of the mercury at D falls a little owing to the pressure 
exerted by this vapour. Introduce another small 

quantity of the liquid, when again the whole of A Se 

it may be evaporated, and the level of the mercury 
falls further, indicating an increase in the pres- 
sure in B. Continue the process until sufficient 
liquid is introduced to produce a very thin layer 
of liquid lying on the mercury surface at D. The 
space in B is then full of saturated vapour at the 
temperature of the room, which should be noted. 
The pressure exerted by the saturated vapour is 
obtained by measuring the difference in levels of 
the surfaces of the mercury in A and B. 

Verify the fact that no increase in pressure Fre. 431.—Vapour pres- 
occurs when another small quantity of the liquid {fre at the temperature of 
is introduced into B. The absence of further fall 
of the mercury level at D shows that the pressure exerted by the vapour 
when saturated at the temperature of the room is constant. 


The pressure exerted by a vapour when saturated at a given 
temperature is the maximum pressure which the vapour can exert, 
when at this temperature, and is called the maximum vapour pressure. 


Expr. 99.—The maximum vapour pressure is independent of the volume 
of the space occupied. In the apparatus shown in Fig. 431, use a mercury 
bath deep enough to permit the tube B to be raised, or lowered a few 
centimetres. Having charged B with sufficient Jiquid to obtain saturated 
conditions and measured the difference in mercury levels, lower B in the 
bath. It will be found that the effect is to diminish the volume of the 
vapour space ; some of the vapour condenses into the liquid state, and on 
measuring the difference in levels of the mercury in A and B, this will be 
found to be the same as at first. Now elevate B, thus increasing the vapour 
space ; this should not be carried to excess, or the whole of the liquid will 
be evaporated and the vapour will be unsaturated. Again measure the 
difference in mercury level and compare with the initial reading. The 
result shows that, so long as the vapour is saturated, the pressure at the 


_ constant temperature of the room remains unaltered. 


Expr. 100.—Maximum pressure of aqueous vapour at lower temperatures. 
In Fig. 432, ABC is a closed bent tube having a bulb at C. The portion BD 
and part of the bulb contains mercury ; the portion AB is a Torricellian 
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vacuum (p. 259). The bulb contains some water lying on the surface of 

the mercury and the remainder of the bulb contains vapour of water. A 

scale is attached to the straight part of the tube, and the bulb and bent 

part of the tube are immersed in a beaker of water. The water in the 

beaker may be heated by means of a bunsen flame, and its temperature 
is measured by a thermometer E, placed near 
the bulb. The straight part of the tube 
and the scale are shielded from the flame and 
from the beaker. 

The aqueous vapour in the bulb is saturated 
so long as there is any water in the bulb, and 
its pressure is equivalent to the mercury head 
between the surfaces in Band C. The level in 

B is read directly on the scale; that in the 
bulb is taken by means of a metal rod 20 cm. 
long, arranged to slide up and down along the 
scale. The lower end of the rod is adjusted to 
the mercury level in C, and the top end of the 
rod is read on the scale. The head of mercury 
is then equal to the scale reading at B minus 
scale reading at the top end of the rod plus 
20 cm. 

Maintain steady the temperature of the water 
in the beaker for a few minutes so as to 
ensure that the bulb and its contents are at 
this temperature. Read the temperature and 
the mercury head as directed above. The 
result gives approximately the maximum 
aqueous vapour pressure at the measured 
temperature. 

Since the whole of the mercury column is 
not at the same temperature, a correction 

3 ~~ should be applied. Measure the height of the 
Fic. 432.—Maximum vapour mercury column from B down to the surface 

Pressure at lower temperatures. Of the water in the beaker (the metal rod will 

assist in taking this measurement); let this be ku cm. Measure also the 
difference in levels of the water surface in the beaker and the mercury 
surface in the bulb; let this be hw cm. Let the observed temperature 
of the air in the room be ta deg. Cent., and that of the water in the beaker tw. 
Let £ be the coefficient of expansion of mercury (0-000181). Then the 
corrected head h, is given by: 
hie tw +ta\) 
to =Na + hw B e +ha( 9 )\. 
Repeat the experiment at intervals of about 10°C. up to the range 
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of the instrument. Plot a graph showing the relation of the maximum 
vapour pressure and temperature of aqueous vapour. 


Expt. 101.—Maximum pressure of aqueous vapour at higher tempera- 
tures. The apparatus employed is shown in Fig. 433. The bent tube at A 
contains mercury standing in both limbs, and the space in the closed 
shorter limb contains some water and water vapour only. The tube is 
immersed in a beaker B containing glycerine, the temperature of which 
can be raised, with care, considerably above 100°C. The tube A is con- 
nected to a reservoir C containing air, and the reservoir is connected to 
a U gauge D containing mercury, and also to an air pump (not shown in 
Fig. 433) by means of which air may be forced into the apparatus, 


To pump 


Fie. 433.—Maximum vapour pressure at higher temperatures. 


The glycerine bath is brought to the temperature of 100° C., as shown 
by the thermometer E, and the mercury surfaces in the limbs of A are 
brought to the same level. During this operation the pump is disconnected 
and the connection is left open to the atmosphere; hence the pressure 
on both surfaces in A will be that due tu the atmosphere, and will be found 
by reading the barometer. Connect the pump again and raise the tempera- 
ture of the bath to say 105° C.; pump in a sufficient quantity of air to 
restore the mercury to the same levels in A; this level had been disturbed 
by the increasing aqueous vapour pressure in the shorter limb. When 
the conditions are steady, read the difference in levels in the gauge D, and 
obtain the maximum vapour pressure corresponding to the temperature 
in the bath by adding this difference to the barometer reading. 

Repeat the experiment at several different temperatures, and plot a 
graph showing the relation of maximum vapour pressure and temperature. 
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Boiling point of a liquid.—Let an open vessel contain some water, 
and let the pressure of the atmosphere be 76 cm. of mercury. Let 
heat be imparted continuously to the water, when vapour will be 
given off constantly. Saturated aqueous vapour under a pressure 
- of 76 cm. of mercury has a temperature of 100°C. Hence, when 
' the water reaches this temperature, it becomes possible for bubbles 
of saturated water vapour to form just underneath the surface of 
the water. The water near the bottom of the vessel is at a 
pressure greater than that of the atmo- 
sphere by an amount equal to the head 
of water in the vessel. Therefore, if 
the temperature of the water be raised 
slightly above 100° C., in fact to the 
saturation temperature corresponding 
to the pressure near the bottom of the 
vessel, bubbles of vapour can torm at 
the bottom. These ascend to the sur- 
face, enlarging as they travel owing to 
the diminishing pressure, and disengage 
themselves from the liquid on reaching 
the surface. The water is then said to 
boil, and the formation of bubbles in 
the water is called ebullition. The tem- 
perature at which a liquid boils under 
standard atmospheric pressure of 76 cm. 
of mercury is called the boiling point 
of the liquid, and is the temperature at which the maximum vapour 
pressure of the substance is equal to standard atmospheric pressure. 


F12. 434.—Boiling point of a liquid. 


Expr. 102.—Boiling points of solutions. Arrange apparatus as shown 
in Fig. 434. See that the flask is perfectly clean, and intruduce some tap 
water. Heat the water; note the ascending bubbles of air which are 
liberated when the water becomes hot. When the boiling point is nearly 
reached, some bubbles of vapour may form near the bottom and collapse 
before reaching the surface owing to the colder water in the neighbourhood 
of the surface. When ebullition is taking place freely, note the tempera- 
ture of the vapour. Push the thermometer down into the water, and 
verify that the temperature of the boiling water is very nearly equal to 
that of the vapour. 

Boiling with bumping sometimes occurs; a short quiescent period is 
followed by the formation of a very large bubble which raises the mass 
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of water; the water falls again and produces the bump. If this occurs, 
the thermometer will probably show that the temperature of the water _ 
has risen a little. Some pieces of broken earthenware dropped into the 
vessel will remedy bumping by promoting the formation of small bubbles 
at many parts of the liquid. 

Since the bubbles of vapour are under saturated conditions, it follows that 
the temperature must remain steady throughout the whole period of boiling. 

Prepare a number of solutions of common salt in water, say 2, 4, 6, ete. 
per cent. of salt. Introduce one of these into the vessel (Fig. 434) and 
have the thermometer in the vapour space. Bring the solution to boiling 
and note that the thermometer reads the same as if pure water had been 
in the vessel. Now lower the thermometer into the liquid, when it will be 
found that the temperature of the liquid is higher than the boiling point 
of pure water. It follows that the boiling point of a solution should be 
determined with the bulb of the thermometer immersed in the liquid. 
Find the boiling points of the remaining solutions. The temperatures 
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Fia. 435.— Relation of maximum vapour pressure and temperature for aqueous 
vapour. 


should be noted immediately after the solution starts to boil, as the process 
of evaporation obviously concentrates the solution. Plot a graph showing 
the relation of boiling points and percentage of sait present. 


456 HEAT CHAP. 


. Fn ee eee 


Influence of pressure on the temperature at which boiling occurs.— 
Since a liquid does not boil until the temperature reaches the satura- 
tion temperature corresponding to the pressure to which the liquid 
is subjected, it follows that increase in pressure will raise the tem- 
perature at which boiling occurs. Thus water under a pressure of 
one atmosphere boils at 100°C.; if the pressure be raised to 6 
atmospheres, the boiling point is. raised to about 160° C.; at a 
pressure of 0-1 atmosphere water boils at a temperature of about 
47°C. In Fig. 435 is shown a graph indicating the boiling points 
of water at various pressures. 


EXERCISES ON CHAPTER XXXIV. 


1. What is meant by the melting point of a substance? Give some 
instances of substances which exhibit different phenomena during the 
process of melting, or freezing. 

2. What are the effects of increased pressure on the melting point of a 
substance ? Give instances. 

3. Describe experiments by means of which the melting point of a 
given substance may be determined. 


4, Define the term “latent heat of fusion ” of a substance. 

5. How would you determine by experiment the latent heat of ice ? 

6. A piece of ice at 0° C. weighing 83-2 grams is mixed with 364 c.c. or 
water at 20° C. in a calorimeter having a water equivalent of 42 grams. 
Calculate the final temperature. (The latent heat of ice is 80 calories 
per gram.) 
_ 7. How much heat must be abstracted from a ton of water at 15° C. 
in order to convert it into ice at -6° C. ? The specific heat of ice is 0-502. 

8. Describe how you would carry out an experiment to determine the 
latent heat of fusion of paraffin wax. Explain how to reduce the results. 

9. Certain solids when mixed with water produce a rise in temperature, 
others a fall. Explain this, and give examples. Give instances of freezing 
mixtures. 

10. Taking the data of Question 7, find the work equivalent to the 


heat abstracted. If one ton of ice is made per hour, what horse-power 
is required theoretically ? 


, 


11. Describe some method for measuring the latent heat of ice, pointing 
out the precautions to be taken to obtain an accurate result. 

Into a copper calorimeter weighing 100 grams and containing 100 grams 
of water at 16° C.. there are placed 20 grams of ice at -10° C. Will the 
ice all melt, and, if so, what will be the final temperature of the mixture ? 
(Specific heat of ice =0-5 ; specific heat of copper =0:094.) Sen. Cam. Loe. 

12. The melting point of tin is 232° C., its latent heat of fusion is 14 


calories, and its specific heat is 055. How many units of heat are required 
to melt 100 grams of tin originally at 20°C. ? ` 
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_ 13. How would you obtain the melting point of a substance from an 
inspection of its cooling curve ? Hard paraffin wax melts at about 54° C.; 


“as a rough cooling curve for a quantity of this wax cooling from 80° C. 
to 30° C. 


l4. A mixture of crushed ice and water is poured into a vessel containing 
a thermometer. What will be the effect on the reading of the thermometer : 
(a) when more water is poured in ; 
(b) when more ice is put in ; 
(c) when a handful of salt is stirred in ? 
Give reasons in each case for your answer. Adelaide University. 


15. Define the terms water equivalent, latent heat of fusion. Explain 
what becomes of the heat absorbed by a body in the process of melting. 

In a copper calorimeter weighing 50 grams there are 200 grams of water 
at a temperature of 20°C. 20 grams of dry ice are added, and stirred well ; 
the final temperature is 11° ©. Find the latent heat of fusion of ice. The 
specific heat of copper is 0-095. Tasmania Univ. 


16. Give a brief description of the process of evaporation (a) in an open 
vessel, (b) in a closed vessel. 


17. Distinguish between a saturated and unsaturated vapour. A closed 
vessel containing initially no substance in the gaseous state is maintained 
at constant temperature, and a small quantity of liquid at the same tempera- 
ture is introduced into the vessel. Will the whole of the liquid be evapo- 
rated ? Give reasons for your answer. 


18. Calculate the quantity of heat required to superheat one pound of 
aqueous vapour from 100° to 150° C. at the constant absolute pressure of 
one atmosphere. The specific heat is 0-502. If the initial volume is 
26-75 cubic feet, find the final volume, assuming that the laws of perfect 
gases are followed. 


19. Describe how you would find the maximum vapour pressure of 
alcohol at the temperature of the room. Does the volume of the vapour 
space provided in the apparatus make any difference in the result ? 


20. In an experiment on the maximum pressure of aqueous vapour, 
using the apparatus shown in Fig. 432 (p. 452), the following readings were 
obtained: Temperature of the water in the beaker, 80° C. ; difference in 
levels of the mercury in the bulb and the water in the beaker, 5-2 cms. ; 
difference in levels of the mercury in the tube and the water in the beaker, 
30:6 cms. ; temperature of the surrounding atmosphere, 20°C. Find the 
vapour pressure. The coefficient of expansion of mercury is 0-00018. 


21. Describe an experiment for determining the maximum vapour 
pressure of aqueous vapour at absolute pressures from about 1 to 2 atmo- 
spheres. State the condition which must be satisfied if a liquid is to 
remain unchanged in presence of its vapour. 


22. Define the “ boiling point ” of aliquid. Some tap water is contained 
in an open glass vessel; the initial temperature is about 15° C. and the 
temperature is gradualiy raised to the highest possible degree. Describe 
clearly what may be observed in the vessel. Supposing the water had 
contained some salt in solution, would this have had any effect on the 
final temperature ? Explain the phenomena of boiling with bumping. 
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23. Distinguish carefully between saturated and unsaturated vapours. 
Into a cylinder exhausted of air and provided with a piston there is intro- 
duced just enough water to saturate the space at 20°C. Describe what 
happens under the following conditions : 


(a) The volume of the space is increased by pulling out the piston. 

(b) The volume is diminished by pushing the piston down. 

(c) The volume remaining as at first, the temperature is increased 
to 30° C. 

(d) The temperature falls to 10° C. Calcutta Univ. 


24. Taking the density of ice at 0° C. to be 0-917, find what fraction of 
a block of ice will be immersed when floating in (a) fresh water (density =1), 
(b) sea water (density =1-03). 

25. If the end of the mercury column in a Bunsen ice calorimeter recedes 
through a volume of 0-2 c.c. when a mass of 3-5 grams of a substance at 
98° C. is placed in the test tube, find the specific heat of the substance. 
Take the density of ice at 0° C. to be 0-917, and the latent heat of water 
to be 80 calories per gram. 


26. Describe Bunsen’s ice calorimeter and explain how you would use 
the instrument to determine the specific heat of a substance. A mass 
of 0:96 gram of a substance was heated to 100° C. and dropped into the 
calorimeter. The thread of mercury retreated through a distance of 
8-3 mm. in the capillary tube of 1 sq. mm. section. If 1 gram of water 
expands by 0-0918 c.c. on freezing and evolves 80 calories, calculate the 
specific heat of the substance. Bombay Univ. 


27. Explain the meaning of saturation ‘vapour pressure. Describe 
methods suitable for measuring the saturation vapour pressure of water, 
(a) in the range of temperatures from 20° C. to 50° C., and (b) in the range 
from 80° C. to 110°C. L.U.H.Sch. 


28. Define the latent heat of fusion of a substance. Describe a method 
of measuring this quantity, pointing out the sources of error in the method 
you describe. 

8 gm. of ice at 0°C. are dropped into a mixture of oil and water at 
20° C. and are just melted in cooling the mixture to 0°C. If the specific 
heat of the oil is 0-5 and the total weight of liquid at the end of the experi- 
ment is 60 gm., find the quantities of oil and water in the original mixture. 
(Latent heat of fusion of ice =80 calories per gram.) C.W.B., H.C. 


29. Describe how you would determine the boiling point of a salt 
solution with a constant volume air thermometer. 

In 1802 Dalton observed that 1000 volumes of air at 55° F. become 1321 
volumes at 212° F., the pressure being constant. Compare the value of 
the coefficient of expansion of air at constant pressure given by these 
observations with the ordinary text-book value. J.M.B., H.S.C. 

30. Give details of the method by which ycu would measure the change 
in volume which occurs when 1 gm. of water solidifies. Give examples of 
both useful and troublesome results caused by this change in volume. : 

O., H.S.C. 


CHAPTER XXXV 


PROPERTIES OF VAPOURS—Continued 


Pressure of a mixture of a vapour and perfect gas.—Dalton first 
stated the law, and Regnault proved experimentally, that the 
pressure which a vapour exerts is very nearly independent of the presence 
of any other gas or vapour present, provided there is no chemical action. 
In a space occupied by a mixture of a vapour and perfect gas which 
do not react chemically on each other, each exerts the pressure 
which it would produce if it alone occupied the space, and the total 
pressure is equal to the sum of these pressures. The law followed 
is thus the same as for a mixture of two perfect gases ‘p. 410). 

If a closed vessel contains a perfect gas and also some liquid, the 
whole being at constant temperature, steady conditions will be 
attained in the space above the liquid when the space is saturated 


with vapour evaporated from the liquid. The pressure of the vapour 


is then that corresponding to the given steady temperature, and the 
total pressure is the sum of this maximum vapour pressure and the 


pressure exerted by the perfect gas. Increase in the temperature | 


will raise the total pressure, owing partly to the increase in the 
pressure exerted by the perfect gas, and partly to the increase in 
the saturation pressure of the vapour. 

Experiments on the pressure exerted by a given vapour i in a closed 
vessel must always be arranged in such a way as to exclude from 
the space any air, or other gas or vapour, since it is now evident 
that the presence of such would lead to false readings of vapour 
pressure. i 

Isothermal line for a mixture of a saturated vapour and perfect 
gas.—In Fig. 436, AB is the isothermal line in a pressure-volume 
diagram for a given quantity of a perfect gas at a given tempera- 
ture, and may be drawn by applying Boyle’s law (p. 398). The 
isothermal line for the same gas when mixed with a saturated vapour 


= 
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at the same constant temperature may be deduced by adding verti- 
cally the constant pressure of the vapour. Thus AC=BD=EF =the 
constant vapour pressure, and the 
isothermal line CD is drawn through 
the points C, F and D. It will be 
noted that, for points corresponding 
to equal pressures, BA rises more 
steeply than DC. If a perfect gas 
be compressed in a cylinder fitted 
with a piston, no condensation 
occurs, and the pressure increases 
at fairly rapid rates. If a mixture 
O of a perfect gas and a saturated 
Fig. 436.—Isothermal line for a mix- vapour be compressed in the same 
ture of saturated vapour and gas. š 

cylinder, some of the vapour con- 
denses as compression proceeds ; the volume of the resulting liquid 
is negligible, and the pressure increases at less rapid rates than 
would be the case if the vapour were absent. 

Collection of gases over water.—When gases are collected over 
water (Fig. 437), the contents of the graduated collecting vessel 
consist of a mixture of the gas collected and 
aqueous vapour saturated at the temperature 
of collection. The pressure of the gas collected 
will be equal to that of the atmosphere, as 
shown by the barometer, if the collecting 
vessel be adjusted vertically before reading 
the volume, so that the water surfaces inside 
and outside the vessel are at the same level. 

Let v,=the measured volume of the mix- Fia. 437.—Collection of a 

ture, in C.C. gas over water. 
v,=the volume of dry gas collected, at standard tempera- 
ture and pressure, in c.c. 
ha =the barometer reading, in cm. of mercury. 
t C.=the temperature of the water. j 
h, =the pressure of saturated aqueous vapour at tempera- 
ture £ (from the Table, p. 533), in cm. of mercury. 

The sum of the pressures of the gas and the aqueous vapour is 

equal to ha; hence 
Pressure of the measured volume of dry gas at t° = ha — hy 
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Applying the law p,v,/T;=2V2/Ts, we have 
(ha - hy), _ T60 
£4278 eee 
273 (ha — hy) vi 
# eo E SN $ 
Vapour density.—Strictly speaking, the density of a substance is 
the mass of unit volume (p. 4). In dealing with substances in 
the gaseous state, the density may be measured as the mass in grams 
per litre (1000 c.c.). Vapour density is generally understood to mean 
the ratio of the mass of a given volume of the substance in the gaseous 
state, under stated conditions of pressure and temperature, to the 
mass of an equal volume of dry air at the same pressure and tem- 
perature. Sometimes dry hydrogen, or oxygen, is taken instead of 
air in making the comparison. The densities of these standard 
gases at 0° C. and 76 cm. of mercury are as follows: 


Dry air, 0-001293 gram per c.c. 
Dry hydrogen, 0:00008987 gram per c.c. 
Dry oxygen, 0-001429 gram per c.c. 


Expt. 103.—Vapour density of an unsaturated vapour by the method of 
Dumas. A glass bulb having a finely drawn neck is employed (Fig. 438). 
At first the bulb contains air only at the temperature and 
pressure of the room, and is weighed. This weight repre- 
sents the weight of the material of the bulb (supposed to 
be obtained by weighing in vacuo) diminished by the 
buoyancy of the air displaced by the material of the flask. 

Let w,=the observed weight in air, in grams. 

wy =the weight of the material of the bulb which 
would be obtained in vacuo, in grams. 
Wa =the buoyancy, in grams, of the air displaced 
by the material of the bulb. 
t° C. =the temperature of the room. 
ha =the barometer reading, cms. of mercury. 

Then, Wi +Wa =Wb, 

or Wy =Wh — Wa cvsrersscecccccerercccsceraesencrsrsrescaes (1) 


Fra. 438.—Dumas’s 
bulb. 


About 2 c.c. of the substance to be examined (alcohol, say) is now 
introduced into the bulb, which is then placed in a bath of water and held 
down by means of a metal frame. The water is boiled until the quid 
in the bulb has disappeared entirely. The bulb is row full of alcohol 
vapour only, at the temperature of 100° C. and under a pressure ha cm. of 

D.8. P. 2G 
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mercury. This temperature is considerably above the saturation tempera- 
ture of alcohol vapour at ordinary atmospheric pressure, and the vapour 
is therefore unsaturated. The neck of the bulb is now sealed hermetically, 
and the bulb is allowed to cool to the temperature of the room. It is then 
weighed again; the result represents the weight of the material of the 
bulb in vacuo, together with the weight of the vapour which filled the 
bulb at 100° C., diminished by the buoyancy of the air displaced by 
the outside volume of the whole bulb. 
Let w,=the observed weight of bulb and vapour, in grams. 
w, =the buoyancy in grams of the air displaced by the closed bulb. 
W,=the weight in grams of the contained vapour, or the liquid 
condensed from the vapour. 


Then, Wa +W, =Wh + Wes 
or Ws =Wh + Wy = Ware Coe eer ecereresecccceeresceseosseee (2) 
From (1) and (2), We — Wy =Wy — (Wa — Wa). seese. A R (3) 


Now (w, - wa) is the weight of air at t° C. and ha cm. of mercury which 
would occupy the interior volume of the bulb. The interior volume of 
the bulb is now determined by immersing the closed flask in water and 
breaking off the neck. When full of water, the bulb is weighed again (the 
‘piece of glass broken off must be included). 


Let Ww =the observed weight, in grams. 
Then, Weight of contained water =(w 3 —w,) grams. 
* © Volume of interior of bulb =(eg=200;) C.C. .....2uecnersenrponscoass (4) 


‘To obtain the weight of the air contained by the bulb at temperature t 
and pressure hu, let. d’ be the density of air under these conditions, and d,’ 
its density at normal temperature and pressure (p. 461). Then, from 
equation (5) (p. 412), i 


, 278hndy 
16 (t +273)” 
<. Weight of the contained, air = (wa - w). 22 0 ee 
te g (Ws miat rA) RER E (5) 
Substituting this fori (w, — wi) in (3), we'have 
ia an, aial dy’ (Wg — Wy) 
Oa ee 
273had,’ (wz —W,) 
Or w =W; — — Oya ae 
Wy =W; -W + 76 (t +273) RTAIOR, eissioes sssr os ee (6) 


The volume occupied by this mass of vapour being (w, -w,) c.c. at 
100° C. and ha cm.-of mercury, we have for the vapour density of alcohol 
under these conditions 


de 273hind,y Š 
100 76 (t +273) ROTI FOTO, otiske ve costin (7) 
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The density of hydrogen at normal temperature and pressure is 

0-00008987 gram per c.c., and at 100° C. and hu cm. of mercury is 


d, = 273k 


=0-0000008654 ha grams per C-C. ...cssscsccsesseeserees (8) 
Hence the vapour density of alcohol at 100° C. and ha cm. of mercury, 
with hydrogen as standard, is f 


Te diwo - 
Divo =09-0000008654 k T E A E e A . (9) 


Assuming that the alcohol vapour follows the laws of a perfect gas, the 
density at normal temperature and pressure is given by 


373 x76 
dy =h ° A Pr Al) iae eee (10) 
and the vapour density under these conditions with hydrogen as standard 
is d 
re a E E E E 
Do = 500008987 a 


Expr. 104.—Vapour density of an unsaturated vapour by Victor Meyer’s 
method. The apparatus employed is shown in Fig. 439. A is a glass tube 
having a bulb at its lower end. The upper end is connected by a rubber 
tube having a clip B to a short piece of glass tube which is open to the 
_ atmosphere. A branch tube C, having an enlargement, connects A to a 
graduated gas jar D, inverted over a trough of water. A is placed inside 
another glass or copper vessel E, which contains some water; the water 
is boiled and the steam escapes through F. The bulb of A can thus be 
maintained at 100° C. 

The liquid to be tested (say alcohol) is contained in a small phial shown 
enlarged at G; the phial has a ground glass stopper which can be forced 
out casily when the pressure in the interior of the phial exceeds that of the 
atmosphere by a small amount. The phial is inserted at the top end of A 
after the water in E has been boiling quietly for a few minutes, and the 
clip is instantly closed. The phial drops down A, and its fall is arrested 
by a cushion of asbestos fibre in the bulb, which prevents fracture. The 
stopper of the phial is blown out almost immediately by the pressure of 
the vapour, and the alcohol evaporates rapidly. The vapour formed 
drives air out of A through the branch C into the jar D ; the volume of air 
thus measured gives, after corrections have been applied, the volume of 
the vapour. 

Let w,=the weight of the phial and stopper when full of air, in grams, 

W, =the same when containing alcohol, in grams. 
V =the volume of air collected in c.c., at ka and t. 
ha =the barometer reading, in cm. of mercury. 

t° C. =the temperature of the room. 
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The weight of the vapour formed is equal to the weight of alcohol in the , 


phial, hence Mass of the vapour =W, — Wy TANS. «+--+ ETE (1) 


7, 777777 


F16. 439.—Victor Meyer’s apparatus for vapour density determinations. 


The contents of the graduated jar consist of a mixture of air and saturated 
water vapour (p. 460). Obtain from the Table (p. 533) the pressure hy of 
saturated water vapour at temperature 4. The pressure of dry air at 
temperature t which would occupy the volume V if the aqueous vapour 
were absent is (ha —hy) cm. of mercury. Applying Boyle’s law to obtain 
the volume V’ of this air at pressure ha and temperature t, we have 

(ha —hy)V =haV’ ; 


ha — hv 
ha 


aw MW: =( \v E A ieia a AE eR (2) 
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From (1) and (2), the density of the alcohol vapour at ¿£ ©. and hg cm. 


of mercury is A 
d= ne grams DOM oeeo e cbs ai as (3) 


The vapour formed in the tube A is at a temperature considerably above 
the saturation temperature, and is therefore unsaturated vapour. Assuming 
that it follows the laws of perfect gases, the density at 0° C. and 76 cm. 
of mercury may be obtained from equation (5), (p. 412), 


a, = a di; grama- pern gas ete. e (4) 

And the density relative to hydrogen, both being at normal temperature 

and pressure, is ei d, (5) 
0 = O-QO008OST 0e 


Specific volume -of saturated vapours.—The density of saturated 
vapours cannot be determined easily by experiment; generally 


ins? Cent. 
. —— 220 


See 
18) 5 10 15 20 25 30 35 


aol ji i n) 
40 45 50 55 
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FIG. 440.—Relation of specific volume, pressure and temperature of saturated 
aqueous vapour. 


indirect methods are employed, by means of which the density may 
be calculated from other experimental data. 
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The volume occupied by unit mass of a substance in the gaseous 
state, under given conditions of pressure and temperature, is called 
the specific volume. The specific volume of a saturated vapour is 
defined when the temperature has been stated, since the saturated 
vapour of a given substance at a stated temperature can exist at 
one pressure only. If d is the density of a saturated vapour in 
grams per cubic centimetre, the specific volume is 1/d cubic centi- 
metres per gram. 

The graph given in Fig. 440 shows the specific volume of saturated 
aqueous vapour at various pressures and temperatures. 

Latent heat of vaporisation.—If a mass of liquid changes state 
from liquid to gaseous at constant pressure, there is no change in 


Fig. 441.—Apparatus for determining the latent heat of vaporisation of water. 


temperature. The latent heat of vaporisation of a substance is the 
heat which must be imparted at constant temperature to unit mass 
of the substance in the liquid state in order to effect the change of 
state from liquid to gaseous. 


Expr. 105.—Latent heat of vaporisation of water, boiling under a pressure 
of one atmosphere. In Fig. 441, a small copper boiler A contains some water 
which can be heated by means of a bunsen flame. The resulting steam 
flows out of the boiler through a tube B, consisting of two parts connected 
at C by a short piece of rubber tube. B is “lagged,” i.e. heat insulated, 
by winding strips of flannel round the tube; this helps to prevent con- 
densation of the steam flowing through the tube. The tube B leads into a 
separator D, consisting of a short piece of wide bore glass tube having 


e 
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rubber stoppers at both top and bottom. The tube B reaches nearly to the 
bottom stopper. Another tube E leads from D into a measured quantity 
of water contained in a calorimeter F. A tube G, bent as shown, is. 
pushed partly into the lower stopper of D, and drains any water from D 
into a beaker H. There will always be some water in G which will serve 
to seal the apparatus and will prevent steam being blown through G. The 
arrangement helps to prevent water from entering the calorimeter, and 
renders the entering steam as dry as possible. The temperature of the 
water in the calorimeter is observed by a thermometer K. 

Weigh the empty calorimeter; pour in some water and weigh again ; 
by differences find the mass of the water. While this is being done, the 
water in the boiler is being heated. Let steam discharge freely from the 
mouth of the tube E into the atmosphere for three or four minutes. Take 
the temperature of the water in the calorimeter; put the tube E into the 
calorimeter (the rubber joint at C assists this operation) so that its mouth 
is below the surface of the water. A crackling noise will be heard, caused 
by the collapse of steam bubbles undergoing rapid condensation. Continue 
until the water in the calorimeter has risen in temperature about 20 Centi- 
grade degrees. Remove the tube E; read the temperature of the water ; 
weigh the calorimeter and its contents, and by differences find the mass of 
the steam which has been condensed. 


Let m=the mass of the empty calorimeter, in grams. 
s =the specific heat of its material. 
m, =the mass of the water used, in grams. 
m, =the mass of the steam condensed, in grams. 
#,° C. =the initial temperature of the water. 
t,° C. =the final temperature. 
L =the latent heat of vaporisation of saturated aqueous vapour at 
100° C. 
The steam has given up latent heat in condensing into water at 100° C., 
and the resulting water has given up additional heat in cooling from 100° C. 


to f» Assuming that the total heat thus given up is equal to the heat 
taken up by the mass m, of water and the material of the calorimeter, we 


oe mafl +(100 ~t.)} = (om, +78) (ty =t). 
; _ (m,+ms EORPA E 
Py =(™em Jis t,) — (100 = ts) 
This result is in calories per gram mass of steam. 


Careful experiments show that one gram of steam at a pressure of 
one atmosphere and at 100°C. has a latent heat of 539 calcries. 
Compare the result of your experiment with this number. 
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The graph in Fig. 442 shows the latent heat of saturated aqueous 
vapour at other temperatures, ranging from 0° C. to 210° C. It 
will be noted that the latent heat decreases as the temperature is 
increased. 


Lo=- Deg. Cent. 
600 


O 20 40 60 80 100 120 140 160 180 200 220 
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FIG. 442.— Relation of latent heat and temperature of saturated aqueous vapour. 


Expt. 106.—Freezing water by evaporation of ether. Stand a beaker con- 
taining some ether in a small pool of water spilled on the bench. Use 
a glass tube and foot-bellows to blow air through the ether. Rapid evapo- 
ration of the ether will take place and the heat will become 
latent so quickly that the water will freeze. 


Joly’s steam calorimeter.—In this apparatus (Fig. 
443) a pan A is suspended by means of a fine wire B 
from one arm of a delicate balance. C is a substance 
whose specific heat is to be determined. The 
arrangement is enclosed in a chamber D, which can 
be supplied with steam from a boiler through a pipe 
E; the pipe F drains off the water of condensation. 
A plug of plaster of Paris is fitted at G in order 
Fig. 443.—Dia- to prevent water of condensation from interfering 


gram of Joly’s : i É 
steam calorimeter, With the'free vertical movements of the suspending 
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a 


wire B; a small coil of platinum wire heated electrically prevents 
condensation of steam on the wire beyond the plug. 


Expr. 107.—Specific heat of a substance by Joly’s method. With air only 
in the chamber, place the substance in the pan, and determine its mass by 
weighing. Read the temperature as shown by a thermometer in the 
chamber. Admit steam suddenly so as to fill the chamber quickly with 
saturated steam, then reduce the steam supply so as to avoid steam currents 
which would interfere with the following weighing. In a few minutes, 
the condensation which is taking place inside the chamber ceases, and the 
substance arrives at the temperature of the steam. Weigh again, thus 
determining the mass of steam which has been condensed on the substance 
and pan. 

Let m, =the mass of the substance, in grams. 

m, =the mass of the steam condensed, in grams. 
&° C. =the initial temperature of the chamber. 
t,” C. =the temperature of the steam, obtained by reading the ther- 
mometer in the chamber, or by consulting the Table (p. 533 ). 
L =the latent heat of the steam, in calories. 
s=the specific heat of the substance. 
c=the capacity for heat of the pan (p. 345). 


Then, MS (ta —t,) +c(t, —t,) =meL. 
MS (ta — ti) = Ms L -C(t - 4). 
m, L c 


My (tz-6) m 
Make another experiment with the pan empty; a similar calculation 
will then give the value of the capacity. for heat of the pan. Insert this 
value in the above equation and calculate the value of s. In accurate 
work, corrections are applied for the buoyancies of the air and steam in 
the weighing operations. 


The differential Joly calorimeter is used for determining the specific 
heat of gases at constant volume. The apparatus (Fig 444) is 
arranged so as to eliminate corrections as far as possible. Two 
equal copper globes are suspended from the opposite arms of the 
balance, and hang in the steam chamber. One globe is filled with 
the gas under test and the other is exhausted. Small pans are fitted 
to the globes in order to catch the water condensed on their surfaces. 
Greater condensation takes place on the globe containing gas, and 
the excess gives the data required in calculating the quantity of heat 
necessary in order to raise the temperature of the enclosed gas. 
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Let m,=the mass of the gas 
filling the sphere. 
m,=the difference between 
the masses of the 
steam condensed on 
the globes. 


t, =the initial temperature. 


i,=the temperature of the 
steam. 


p,=the initial pressure of 


the gas. 
p.=the final pressure of the 
i gas. 
ZA L=the latent heat of the 
steam. 


s=the specific heat of the 
gas at constant vol- 
ume for the tempera- 
ture range t, to t,, and 
the pressure range 


Py t0 Poa 
Then ms(tz- t) = MgL, 


M,L 


, 9 ee 
Fria. 444.—Differential Joly calorimeter. 


EXERCISES ON CHAPTER XXXV. 


1. State Dalton’s law for the pressure of a mixed gas and vapour. A 
closed vessel contains air saturated with aqueous vapour; the temperature 
is 70° C. and the absolute pressure inside the vessel is 78 2 cm. of mercury. 
Find the pressure exerted by the air in the vessel. 


2. Draw the isothermal line for 4 cubic feet of dry air at 15 lb. wt. per 
square inch absolute pressure and 94° C. when compressed to a volume of 
one cubic foot. If the air is saturated with aqueous vapour, draw the 
isothermal line for the mixture. 

3. Some hydrogen is collected over water; the measured volume is 
245 c.c.; the temperature of the water is 16° C.; the barometer reads 
75:43 cm. of mercury. Find the volume of dry hydrogen at 0° C. and 
76 cm. of mercury. 
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4. In a test on the vapour density of alcohol, using the»method of 
Dumas (p. 46!), tae following observations were made: Weight of bulb, 
9-77 grams ; weight of the bulb and vapour filling it at 100° C., 9-889 grams ; 
weight of the hulb when full of water, 141-65 grams; temperature of the 
recom, 15° C.; barometric height, 75-1 cm. Find the vapour density of 
alcohol at 100° ©, and 75-1 cm. pressure, using hydrogen as the standard. 


_ 5. Describe an experiment for determining the vapour density of a 
given substance. 


6. Using Victor Meyer’s method (p. 463), the following readings were 
taken in an experiment on the vapour density of alcohol: Weight of the 
empty phial 1-415 grams; weight of the phial containing alcohol, 1-738 
grams; volume of air collected, 171 2 c.c.; barometric height, 76-29 em. ; 
temperature of air, 15-2°C. Find the vapour density of alcohol at 0° ©. 
and 76cm. Use hydrogen as the standard. 


7. Take the required data from the Table (p. 534), and plot graphs 
showing the relation of specific volume and (a) pressure, (b) temperature 
for saturated aqueous vapour. 


8. Define latent heat of vaporisation. Describe an experiment for 
determining the latent heat of vaporisation of water at ordinary boiling 
point. 

9. Find the quantity of heat which must be supplied to one pound of 
water at 20° C. in order to convert it into dry saturated steam at a pressure 
of 146 lb. wt. per square inch absolute. Take the quantities required from 
the Table on p. 534. 5i 


10. A tank contains 20 gallons of water at 30° C. which is heated by 
discharging dry saturated steam at atmospheric pressure into it. If the 
final temperature is 80° C., find the weight of the steam used. Consult 
the Table on p. 534 for any quantities required. 


11. What is meant by the statement, “ The maximum pressure of aqueous 
vapour at 15° C. is 13 mm.” ? 

Some nitrogen is collected in a tube over water at 15° C. and is found 
to occupy 50 c.c., the gaseous pressure in the tube being 748 mm. Calculate 
the volume which the dry nitrogen would have at 0° C. and 760 mm. 
pressure. Sen. Cam. Loc. 


12. Explain the meaning of latent heat. How would you determine 
the latent heat of fusion of ice? Explain the cooling effect of a fan. 
Calcutta Univ. 
13. Explain how you would determine the latent heat of steam. Would 
you expect it to depend in any way on the temperature at which water 
is boiled ? 7 grams of ice float in water in a calorimeter of thermal capacity 
5 calories. Jf, when 4:5 grams of steam (at 100° C.) are passed into the 
calorimeter, the final temperature becomes 50° C., how much water was 
there in the calorimeter ? (Latent heat of steam at 100° C. =540.) 
Calcutta Univ. 


14. Define “ vapour density.” Describe how to find the vapour density 
of a liquid, using the method of Dumas. Prove the formula. 

15. Describe Victor Meyer’s method of finding the vapour density of 
a liquid. Prove the formula. Bombay Univ. 
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16. Draw a curve indicating generally the change in maximum vapour 
pressure of water between 0° and 100° C. res A 

Given that, at any temperature, the maximum vapour pressure is slightly 
diminished upon dissolving a salt in water, show that the boiling point of 
the solution at any pressure is higher than that of pure water. L.U. 


17. Describe the properties of saturated and non-saturated vapours. 

A barometer tube dipping into a mercury reservoir contains a mixture 
of air and saturated vapour above a column of mercury which is 70 centi- 
metres above the level in the reservoir, the atmospheric pressure being 
76 centimetres. What is the height of the mercury column when the tube 
is depressed so as to reduce the volume occupied by the air to one half its 
original value, the pressure of the saturated vapour being 1-5 centimetres ? 


L.U. 


18. Give the definitions of the expressions, specific heat, latent heat of 
fusion, latent heat of vaporisation, thermal conductivity. 

Fifty grams of steam at 100° C. are passed into a mixture of 100 grams 
of ice and 200 grams of water at 0°C. Find the rise of temperature, the 
latent heat of vaporisation of water at 100° C. being 537 and the latent heat 
of fusion of ice 80. Sydney Univ. 


19. Describe how the specific heat of a body may be found by the Joly 
steam calorimeter. Given the following observations, find the specific 
heat of the sample of calcite: Preliminary experiment; mass of the dry 
pan in the steam calorimeter, 28-395 grams ; mass of pan and condensed 
steam, 28:565 grams. Calcite experiment; mass of the dry pan and 
dry calcite, 41:46 grams; mass of pan, calcite and condensed steam, 
42-016 grams. Initial temperatures in both experiments, 24° C. 


20. Describe an experiment for determining the specific heat of a gas 
at constant volume. 


21. Distinguish between evaporation and boiling, and point out under 
what conditions each takes place. Explain briefly the “ singing ” of a kettle. 

Into an iron vessel of mass 100 gm., surrounded by non-conducting 
material and containing 300 gm. of water at 15° C., is dropped a lump of 
iron of mass 400 gm., which has been heated in a furnace to 1000° C. The 
vessel and its contents are now found to weigh 773 gm. If the specific 
heat of iron is 0-114, calculate the latent heat of steam. C.W.B., H.C. 


22. State what you understand by the thermal conductivity of a sub- 
stance. 

A portion of a rubber pipe through which steam at 100° C. is passing, is 
immersed in a calorimeter of cold water and the initial rate of rise of 
temperature observed. Calculate approximately the thermal conductivity 
of the rubber from the following data : 


Length of pipe immersed =20 cm. 
External radius of pipe =():5 cm. 
Internal radius of pipe =0:3 cm. 


Mass of water in calorimeter = 300 gm. 

Water equivalent of calorimeter =15 gm. 

Initial temperature of water =a baal 68 

Initial rate of rise of temperature =2° C. per minute. 
J.M.B., H.S.C. 


CHAPTER XXXVI 


ATMOSPHERIC CONDITIONS. HYGROMETRY 


Evaporation from free surfaces of water.—Evaporation takes 
place constantly at all temperatures from open surfaces of water. 
Molecules escape from the surface of the liquid and may be carried 
away by currents of air, so that there is no chance of return to the 
liquid. The continual loss of liquid from open surfaces of water is 
compensated by the return of rain water contained in rivers. and 
streams. Increase in temperature of the water will increase the 
quantity evaporated in a given time. Increase in the speed of the 
wind also causes increased rates of evaporation by further diminishing 
the opportunities of return to the liquid. A familiar illustration of 
this fact occurs in the drying of the wet interior of a tube by blowing 
air into it by means of bellows. 

The general result of evaporation from open sheets of water is 
that the atmosphere always contains aqueous vapour. 

Different liquids contained in open vessels under like conditions 
possess different rates of evaporation. Liquids which evaporate 
more easily are said to be volatile. Ether, alcohol and petrol are 
examples of volatile liquids. 

Mist, cloud, dew.—Our perceptions regarding the dryness of the 
atmosphere depend on its hygrometric state, a quantity which may 
be expressed as the ratio of the mass of water vapour present per 
cubic centimetre of air to the mass of water vapour which would be 
required to saturate one cubic centimetre of air if the temperature 
remained unaltered. If the air be not saturated with water vapour 
at a given temperature, it may become so if the temperature falls ; 
less vapour is required to produce saturation at low temperatures. 
Hence the presence of a cold body in an atmosphere which has not 
quite reached saturation point may cool the air in its immediate 
vicinity sufficiently to produce saturation or over-saturation. Some 
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of the vapour will then condense on the surface of the cold body, 
producing the phenomenon of dew. 

If a large body of the atmosphere be cooled slowly, saturation 
point will be reached throughout the mass simultaneously. The 
atmosphere is charged more or Jess with particles of dust, and con- 
densation takes place on each dust particle, giving rise to a mist. 
The fogs of large towns are caused by condensation of this kind on 
soot particles floating in the atmosphere. 

Clouds are caused by similar condensation of water vapour in the 
upper strata of the atmosphere ; heated air containing water vapour, 
but above the saturation point, becomes colder as it ascends and 
expands, and the water vapour condenses to a mist or cloud on 
the saturation point being reached. 

- Evaporation of snow and ice.—Supposing that a solid exposed to 
the atmosphere is undergoing the process of melting, and that the 
maximum vapour pressure of the substance at the temperature of 
the atmosphere is equal to, or greater than, the pressure of the atmo- 
sphere, then it is impossible that the substance can remain in the 
liquid state, and the phenomenon is presented of the substance 
changing direct from the solid to the gaseous state. The process is 
called sublimation; iodine among other substances possesses this 
property. Snow and ice evaporate slowly ; in Arctic regions this 
is the only method of evaporation possible. There is an appreciable 
vapour pressure of water substance below 0° C., and consequently 
ice can pass directly from the state of solid to that of vapour without 
any intermediate liquid state. 

Hoar-frost is deposited instead of dew if the temperature of the 
slowly-cooling atmosphere reaches the freezing point of water before 
saturation occurs. The process of formation of hoar-frost and of 
snow does not consist in the freezing of dew, but the direct change 
of state from aqueous vapour into the solid form. 

Ventilation.—The ordinary atmosphere contains carbonic acid gas 
to the amount of 3 or 4 parts in 10,000 parts of air. Indoors the 
proportion is usually higher, especially if many persons be present 
ina room. An adult person at rest produces about 0-6 cubic fect 
of carbonic acid gas per hour, and the conditions in a room become 
objectionable unless these exhalations are diluted largely by a 
plentiful supply of air admitted to the room. Should the proportions 


exceed 10 parts of carbonic acid gas in 10,000 of air, there will be 
discomfort. In ventilation problems a limit of 6 to 7 parts of 
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carbonic acid gas in 10,000 of air is aimed at. To dilute sufficiently 
the gas expelled by an adult requires from 1800 to 3600 cubic feet 
of air per hour, depending upon the particular conditions existing in 
the building. . 

In ordinary houses, open doors, windows, and the chimney of open 
fireplaces generally suffice. None of these are very effective; and it 
should be noted that fireplaces produce the peculiar condition that a 
greater number of persons in the room will require more energetic ven- 
tilation, produced by urging the fire, despite the fact that the people 
by their presence are assisting to raise the temperature of the room. 

In mechanical methods of ventilation, a fan is employed to propel 
air into the room, or to withdraw air from it. Fresh air is led into 
the room by means of properly arranged ducts. The incoming air 
may be warmed by passing it over pipes through which steam or 
hot water circulates, and may be brought to a proper hygrometric 
state by passing it over water, or by spraying water into it. 


Dew point.—The temperature at which dew begins to form when 
the atmosphere undergoes cooling is called the dew point. Experi- 
ments on the determination of the dew point are based generally on 
the principle of cooling artificially a portion of the atmosphere until 
it is observed that dew is commencing to form. The cooling is 
carried out at constant pressure—that shown by the barometer— 
and Charles’s law may be assumed to be followed by the vapour 
molecules until the temperature of saturation is reached. 

The perception of dampness in the atmosphere is a consequence 
of a near approach to saturation conditions, under which evaporation 
goes on very slowly. The actual quantity of aqueous vapour present 
is only one.of the factors to consider ; warm air may contain much 
more aqueous vapour than colder air, and yet may convey the 
impression of dryness because the atmosphere is not nearly saturated. 

Relative humidity may be defined as the ratio of the pressure of 
the aqueous vapour actually present at the existing temperature to 
the pressure of the vapour which would be present if the vapour 
were saturated at the same,temperature. 


Let t,°.C.=the. observed temperature of the atmosphere. 
tz C.=the dew:point. 
p =the pressure of aqueous -vapour when saturated at <t; 
(see Table, p. 533). 
Pa=the pressure of aqueous vapour when saturated at ty 


(see Table). 
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Assuming that the barometric pressure has remained constant in 
the process of determining the dew point by cooling a portion of the 
atmosphere, P is the pressure of the aqueous vapour actually present 
in the atmosphere. Hence s+ 


Relative ere: E =+2 
Pı 


Inspection of the following short Table shows that the masses per 
cubic metre at two given temperatures have nearly the same ratio 
as the pressures corresponding to the same temperatures. Hence it 
is often sufficiently accurate to take 

. mass of water vapour per unit volume 
of air at observed temp. ` 


mass of water. vapour per unit volume 
of saturated air at same temp. 


Relative humidity = 


PROPERTIES OF SATUR ATED AQUEOUS VAPOUR. 


Temp. ; deg. Cent. - Pa) | 5 10 15 


Pressure of sat. vapour ; $ ; i : 
cee morurye ef 7) £58 | 6-54 | 9-20 |12-78| 17-51 


Mass of sat. vapour ; ' K à i ; 
grams per cub’ metre \ - | 4-84 6-76 | 9-33 | 12-71 | 17-12 


Temp. ; deg. Cent. - - | 25 30 35 40 


—————. 


Pressure of sat. vapour ;)|* > 
mm. of mercury \ - | 23-69 | 31-71 | 42-02 | 55-13 


Mass of sat. vapour ; ` . 
grams per cub, metre \ - | 22-80 | 30-04 | 39-18 | 50-7 


Hygrometry is the determination of the state of the atmosphere 
as regards the hygrometric state, dew point, etc. 


Expr. 108.—Determination of the dew point by Regnault’s hygrometer. 
A form of Regnault’s apparatus is illustrated in Fig. 445. A brightly 
polished silver vessel A contains some ether B and has a tube C dipping 
into the ether. Air may be pumped into the ether through C by means ` 
of a perfume spray bulb D ; this air accelerates evaporation from the ether 
and the resultant mixture of air and vapour escapes through a tube E. 
The evaporation of the ether cools the vessel and also the atmosphere in 
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the immediate- ‘neighbourhood, and. will ultimately cause saturated con- 
ditions to be attained by the air near the-vessel. A film of dew will then 
be deposited « on the bright surface of the vessel... The temperature at which 


dew appears may be read by means of the thermometer F. Another 


similar but empty silver vessel G is mounted on the same stand and aids, 
by Aas: Sa of the surfaces, the detection of the first appearance of dew. 


J ~ Fie. 445 —Regnanlt’s hygrometer. 


The tinibeiitiik of the atmosphere in the room is read by another thermo- 
meter. - A large sheet of giass should be interposed between the observer 
and the instrument in order to prevent his pth a ASA increasing 
the amount of moisture present. 

Lower the temperature slowly and observe the reading of the thermo- 
meter F when dew appears. Allow the temperature to rise and note the 
reading of F when the dew disappears. Repeat several times and take the 
mean temperature as the dew point. Note the temperature of the atmos- 
phere in the room in the neighbourhood of the apparatus. 

Calculate the relative humidity of the atmosphere at the time of the 
experiment (p. 475). ; ' 


Expr. 109. RMiotarhtinsticil of iat dew point by Daniell’s hygrometer. This 
instrument (Fig. 446) consists of two glass pahe A and D connected by 
D.8. P, 2H 
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a tube C, from which all air has been exhausted. A contains some ether, 


the remainder of the interior contains ether vapour only. A thermometer B 
is situated inside A, its bulb 
_ dipping into the ether. The 
internal surface of A is blackened, 
or gilt, in order to enable the 
formation of dew on the external 
surface to be observed easily. 
The thermometer E enables the 
temperature of the atmosphere 
to be observed. The bulb D is 
covered with muslin, and is satu- 
rated with some ether. Rapid 
evaporation of this ether takes 
place, and consequently the bulb 
D is cooled. The ether vapour 
inside D is thus cooled and con- 
densed, and more vapour is eva- 
Fe orated from the ether in A to 
FIG. 446.—Daniell’s hygrometer. Fa. its place. Thus the bilb A 
is cooled slowly, and presently dew appears on the surface. Take similar 
readings to those observed with the Regnault hygrometer and estimate 
the dew point and the relative humidity. The sheet of glass should be 
employed as before between the observer and the instrument. 


Wet and dry bulb method.—The pressure of the aqueous vapour 
present in the atmosphere, and hence the dew point, may be found 
by the wet and dry bulb thermometer method. Two thermometers 
are arranged on a stand ; one is an ordinary thermometer and shows 
the temperature of the atmosphere. The bulb of the other ther- 
mometer has a piece of clean lamp wick wrapped round it, which is 
led to a small basin of water ; this. keeps the bulb moistened. If there 
be much aqueous vapour present in the atmosphere, there will be 
but little evaporation from the moisture near the bulb of the ther- 
mometer, and therefore only a small cooling effect. The difference 
in reading of the thermometers will thus depend on the hygroscopic 
state of the atmosphere. Both thermometers are read when steady 
conditions have been attained, and the aqueous vapour pressure is 
found by use of specially constructed. tables. The method does not 
give very accurate results. 


‘i at 
Expr. 110.—Chemical hygrometer. The apparatus required is shown in- 
Fig. 447. A and B are drying tubes charged with phosphorus pentoxide ; 
C is also charged with the same substance and serves to seal the drying 
tubes from the vessel D. D is a large stone jar furnished with a tap at the 
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bottom. By filling D with water and then making the connections as shown, 
a volume of air equal to the capacity of D will be drawn through the 
apparatus, entering at E. D is called an aspirator. Practically all moisture 
in the entering air is absorbed in A; any escaping A will be absorbed in B. - 
C absorbs any moisture which might be travelling backwards from the 
| vessel D when the flow of water from the tap is stopped. The temperature 

of the air entering the apparatus is observed by the thermometer G. 

Pour water into D until it is quite full. Disconnect A and B at H and 
weigh both together in order to determine the mass m, grams. Connect 
up again and run the water entirely out of D through the tap; read the 


FIG. 447.—Chemical hygrometer. 


thermometer G while the water is escaping. Disconnect at H and again 
weigh A and B together; let the mass be m; grams. Then the mass of 
moisture absorbed is (m, —my,) grams. . ù 

Fill D again and make the connections. KL is a wide bore glass tube 
(Fig. 446) having a rubber stopper at each end fitted with short pieces of 
tube of smaller bore. The tube is charged with broken pumice and water; 
any air passed through this tube will become saturated with water vapour. 
Connect the tube K to the apparatus at E and repeat the operations de- 
scribed above. Let m, be the final mass of A and B together, then (m, ~m,) 
will be the weight of saturated aqueous vapour which can be held by air 
at the existing temperature. ws” f 

Since the volume of air passing through the apparatus is practically the 
same in both experiments, the relative humidity of the atmosphere y 
(p. 476), obtained by dividing the actual mass of vapour per cubic centi- | 
metre of air by the mass of vapour required to saturate one cubic centimetre 
of air, is given by “ M-m, 


, =~ 
Y Mz -Mə 
ph 


4 
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EXERCISES ON CHAPTER XXXVI. 


1. State the cause of the presence of aqueous vapour in the atmosphere. 
Describe the formation of dew, mist, fog and clouds. 


2. There are six adults in a room measuring 16 feet by 12 feet by 
10 feet, and each requires 2500 cubic feet of air per hour. Find the number 
of times per hour that the air in the room should be changed. Supposing 
each person exhales 0-6 cubic foot of carbon dioxide gas per hour and that 
the air in the room contains at first 4 parts of this gas per 10,000, in what 
time will the proportion reach 10 parts per 10,000 if ventilation be absent 
entirely ? 


3. Define the dew point. State the conditions upon which it depends. 
What is meant by “ relative humidity ” ? 


4. Describe Regnault’s hygrometer. In an experiment with this 
instrument, the mean of three tests gave the temperature of dew formation 
9-6° C., and of the disappearance of dew 10-5° C. The temperature of the 
atmosphere was 18°C. What is the dew point? Find also the relative 
humidity. 

5.. Describe the Daniell hygrometer. In an experiment with this 
instrument, the dew point was found to be 11-13° C. and the temperature 
of the atmosphere was 19°C. Find the relative humidity. 


6. Describe the wet and dry bulb method of determining the hygrometric 
state of the atmosphere. 


7. Describe the method of carrying out an experiment with a chemical 
hygrometer. The following readings were obtained with an instrument 
of this type: Weight of U tubes at first, 85-48 grams; weight of U tubes 
together with water vapour from ordinary air, 85-61 grams; weight of 
U tubes together with water vapour from saturated air, 85-88 grams ; 
temperature of air, 18° C. Find the hygrometric state and the dew point. 


8. Describe an experiment to determine the dew point. What do 
you understand by a table of saturation pressures of aqueous vapour ? 
Explain how relative humidity of the air can be determined by the dew 
point and such a table. Panjab Univ. 


9. Calculate the dew point when the air is 2 saturated with water 
vapour, the temperature being 15° C., given that for pressures of 7, 9, 11, 
13 mm. of mercury, the corresponding boiling-points of water are 6°, 10°, 
13°, and 15° C. respectively. Sen. Cam. Loc. 


10. What is meant by “sublimation” ? Explain how hoar-frost is 
formed. 


11. Calculate the mass of 7-6 litres of moist air at 27° C. given that the 
dew point is 15° C., and the barometric height 762-75 mm. Calculate also 
the humidity of the air. Vapour pressure of water at 27° C. and 15° C. 
=25:5 mm. and 12:75 mm. respectively. Bombay Univ. 
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12. Describe the systems of ventilation used (a) in your physical lecture 
room, (b) in your physical laboratory. Make reference to the state of 
the atmosphere in these rooms both in cold weather and in warm weather. 


In your opinion are the means employed satisfactory ? If not, give 
reasons. 


13. Define relative humidity. Point out and explain the measurements 
that would have to be made in order to determine it. What are the 
conditions which determine the formation of fog and dew ? 

L.U.H.Sch. | 

14. What is meant by the hygrometric state of the air? Describe a © 
satisfactory way of finding it. 

Calculate what fraction of the mass of the water vapour in the air would 
condense if the temperature of the air fell from 20°C. to 5°C. and. if 
originally, at 20° C., the humidity was 60%. (Saturation pressure of water 
vapour at 20°C.=17-5 mm. ; at 5° C.=6-5 mm.) J.M.B., H.S.C. 


CHAPTER XXXVII 


EXPANSION AND COMPRESSION OF VAPOURS. 
REFRIGERATORS 


Formation of vapour at constant pressure.—In Fig. 448 (a) is shown 
a vertical cylinder fitted with a piston having an area of one square 
unit. Underneath the pision is unit mass of a given substance in 
the liquid form; if the volume of this 
quantity of ead is v, then the height 
occupied by the liquid will be equal to v. 
The piston is loaded so as to produce a 
constant pressure p on the liquid, and the 
temperature is taken to be that of the 
saturated vapour of the substance corre- 
sponding to the pressure p. This tempera- 
ture is kept constant in what follows. 


Let heat be imparted to the substance ; 
the effect will be the formation of vapour 
: at constant pressure, and the piston will 
FIG. Ae onatant pensure «rise in order to accommodate the in- 
creased volume. Stop the supply of heat 
at the instant when the whole of the liquid has been converted 
into vapour. The cylinder will then be full of saturated vapour 
(Fig. 448 (b)). Let the volume of the vapour (which will still have 
unit mass) be V, then the length of cylinder now occupied will be 
equal to V, and the height through which the piston has been displaced 
will be (V—v) (Fig. 448 (b)). The quantity of heat taken in is equal 
to the latent heat of vaporisation of the substance under the given 
conditions of pressure and temperature. Let this be L units of heat. 
Some of the heat has been used in doing external work, and the re- 
mainder has gone to increase the internal energy. Since the external 
work done is p(V — v), the increase in pa ceia is given by 


Increase in internal energy =L — m2) 5 ”) thermal units, ...... (1) 


J being the mechanical equivalent of heat. 
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Supposing we had started with the liquid in the cylinder at 0° C., 
we should have had to supply h units of heat in order to raise 
the temperature to that at which vaporisation begins ; adding this 
to the latent heat L, we obtain a quantity which may be called the 

heat of formation of the vapour. Thus 


Heat of formation =H =h +L thermal units. .............. (2) 


The heat of formation of aqueous vapour was, until recently, 
called the total heat of steam. The term total heat is now taken to 
include the relatively smal! quantity of work which must be done 
in order to force the liquid into the cylinder against the resistance 
cffered by the pressure p. This work, expressed in thermal units, 
is pu/J. Hence, for unit mass of a saturated vapour, 


Total heat =I1=h+L+pv/J thermal units. ................ (3) 


During the process of warming the liquid, the heat 4 has been 
stored in the form of internal energy, neglecting the very small 
amount of external work which has been done owing to the expansion 
of the liquid. Hence the increase in internal energy, reckoned from 
the initial temperature of 0° C., is 


(V—v) 


Increase in internal energy =h+L at thermal units. ...(4} 


There are no means available for estimating the total internal 
energy of a substance under given conditions. It is therefore 
convenient to choose the arbitrary zero state in which the substance 
is in the liquid form at 0° C. and under a pressure equal to that of 
the saturated vapour at 0°C. A substance in the zero state is 
described as having no internal energy. 
Internal energies for temperatures below 
0° C. are reckoned negative. 


Expansion and compression of a vapour. 
—In Fig. 449 is shown a cylinder A fitted 
with a piston B and containing unit mass 
of a substance in the liquid state, under 
pressure produced by the force P. In the G 
pressure-volume diagram D is the corre- (0) v 
_ sponding point. Let the liquid be at the 16. 449.— Exrantion lage 
temperature ¢, of vaporisation correspond- | 
ing to the pressure, and let the piston move outwards, at the same 
time permitting heat at temperature t; to pass into the cylinder. 
The liquid thus takes up latent heat of vaporisation. If P. be 
maintained uniform, the operation is represented by the constant 
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pressure line DE, and at E vaporisation is complete. It is evident 
that this process is isothermal. 

The cylinder now contains saturated vapour, and any further 
outward movement of the piston will produce expansion of this 
vapour, accompanied by falling pressures as shown by the curve 
EF. There are various ways in which the expansion may be per- 
formed. If heat is supplied continuously in quantity sufficient to 
maintain constant the temperature during expansion, the vapour at 
F would be superheated ; its temperature would still be ¢,, and this 
temperature is higher than the saturation temperature corresponding 
to the lower pressure at F. Such expansion is isothermal. 

In practice an attempt is generally made not to superheat the 
vapour during expansion, but merely to supply heat sufficient to 
maintain the vapour in the dry saturated state. 

If no heat at all be supplied during expansion, t.e. if the expansion 
is adiabatic, then the vapour, which is dry at E (Fig. 449), may 
be wet at F. This is the case with water vapour; work has been 
done against the resistance of the piston, and the heat necessary 
to do this work has been abstracted from the vapour. 

Supposing the vapour to be dry and saturated at F, its temperature 
being t», condensation may be effected by pushing the piston inwards, 
at the same time permitting heat to flow freely out of the cylinder. 
The vapour will give out its latent heat at constant temperature ty, 
and the pressure will be constant as shown by FG (Fig. 449). This 
operation is isothermal, and at G we have again unit mass of liquid, 
but at a lower temperature ¢,. The original conditions may be 
restored by applying pressure and imparting heat to the water, thus 
bringing us back again to the point D. 

A complete series of operations of this kind, starting with given 
conditions and bringing the substance back again to the same 
conditions, is called a cycle of operations. 

Critical temperature.— Water expands when heated, and the volume 
of saturated aqueous vapour which can be produced from a given 
mass of water diminishes as the temperature and pressure increase. 
It would therefore appear that a critical temperature can be attained 
at which the volume of the water and the volume of the saturated 
vapour formed from the water are equal. At this temperature, 
which is about 365° C., the water and the aqueous vapour cannot 
be distinguished from one another. The reader will remember that 
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_ the latent heat of aqueous vapour diminishes as the temperature of 
the saturated vapour increases. At the critical temperature the 
latent heat becomes zero. The pressure of aqueous vapour at the 
critical temperature is about 194-6 atmospheres (2860 lb. weight per 
square inch). 

A substance in the gaseous state and at a temperature higher than 
the critical temperature cannot be liquefied by mere pressure. Before 
liquefaction can commence the temperature must be brought below 
the critical temperature. The 
critical temperature may be de- 100 
fined as the highest temperature 
at which the substance in the 
gaseous state may be liquefied 9° 
by application of pressure. The 
critical pressure is the pressure of go 
the saturated vapour of the sub- 
stance at the critical tempera- 
ture. The term gas is usually 70 
applied when the substance is at 
temperatures higher than the 
critical temperature, and vapour 
at temperatures below the criti- 
cal temperature. Hence we 50 
may say that a vapour can be 
liquefied by pressure alone, but 
a gas cannot. 

Andrews found that carbon 
dioxide could be liquefied by applying pressure, provided that 
the temperature did not exceed 31:1°C.; at this temperature 
a pressure of 73 atmospheres (1074 lb. weight per square inch) is 
required. Some isothermal lines for CO, are shown in Fig. 450. 
If any part of an isothermal line becomes horizontal, it may be 
inferred that latent heat is being imparted to, or removed from 
the substance, which accordingly is undergoing evaporation or 
liquefaction. It will be noted that liquefaction may be obtained at 
13-1° ©. with a pressure of about 50 atmospheres. No liquefaction 
occurs if the temperature exceeds 31-1° C., which is thus the critical 
temperature of CO,. Some critical temperatures are given in the 
following Table. 


60 21° 5C, 


hie i VoL. 
Fia. 450.— Isothermal lines for COs. 
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CRITICAL TEMPERATURES AND PRESSURES.* 


Critical pressure, 
atmospheres. 


Critical temp., 
C. 


Substance. | 


Hydrogen - - -234-5 
Oxygen - - -118 


Air. - ee — 140 
Water - 2 sel 365 
Carbon dioxide - 31:1 


‘Ammonia - - 130 
Sulphur dioxide - | 155-4 


Liquefaction of gases.—In liquefying a gas sufficient pressure may 
be obtained by means of a pump, and the temperature may be 
lowered below the critical point by taking advantage of the cooling 


FIG. 451.—Pictet’s apparatus for liquefying oxygen. 


effect produced when a liquid evaporates. Pictet’s method of lique- 
fying oxygen may be understood by reference to Fig. 451. A pump 
A draws SO, vapour (which can be liquefied very easily) from a tube 
C, forming a jacket round another tube EF, compresses the vapour 
and delivers it back again through B into C as liquid SO,. Evapor- 
ation of this liquid takes place in C, and by the taking up of latent 
heat, chills the tube EF and its contents. ` 


* For fuller data, see Physical and Chemical Constants, by Kaye and Laby ; 
Longmans. i 
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Another pump G draws CO, vapour through K from a tube B 
which forms a jacket round the tube NO; the vapour is compressed 
by the pump G, and is delivered through H into FE ; here the chilling 
which occurs causes the CO, vapour to condense into the liquid 
state, and it is returned as liquid through the tube EM into L. 
Evaporation of the CO, takes place in L during the suction stroke 
of the pump G, and the taking up of latent heat chills the contents 
of the pipe ON. The complete arrangement constitutes a two-stage 
cooling device for chilling the tube ON. P is a strong steel vessel 
connected to ON and containing potassium chlorate, which gives off 
oxygen when heated. The tube 
ON is closed by a valve at N, and 
has a pressure gauge fitted at Q. 
On heating P, oxygen is given 
off, and, since the tube ON is 
closed, a high pressure of gas is 
produced. This pressure, com- 
bined with the chilling of the 
tube ON, is sufficient to liquefy 
the oxygen. 

Using an improved form of 
Pictet’s apparatus, Dewar lique- 
fied both oxygen and air in 
considerable quantities. The 
resulting liquids can be stored 
in the vacuum vessel devised 
by Dewar (p. 386). 

Linde’s apparatus for lique- 
fying air.—Dr. Joule and Lord 
Kelvin showed by experiment Fic. 452.—Linde’s apparatus for liquefying air. 
that, when certain gases are 
expanded from a higher to a lower pressure by passage through a 


porous plug, a small fall in temperature occurs. In the case of air,- 


the fall in temperature is about 0-25 degree Centigrade for each 
atmosphere difference in pressure on the two sides of the plug. 
Advantage is taken of this fact in Dr. Linde’s apparatus for liquefying 
air. Air which has been cooled slightly by expansion through a small 
orifice is used to cool more air approaching the orifice. The same 
air is expanded again and again through the orifice, and undergoes 
successive cooling during each passage. The arrangement is shown 
in outline in Fig. 452. A pump A compresses the air and delivers it 
through a pipe B into a cooler C, where its temperature, which has 
risen during compression, is lowered. The air passes from the cooler 
into a pipe DE; there is a throttling valve at E, by means of which 
the air experiences a drop in pressure and expands into a box F, 


$a 
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The air, thus cooled somewhat, passes upwards through a pipe G, 
which encloses the pipe DE and abstracts some heat from the air 
passing through DE on its way to the throttling valve. The air is 
then withdrawn from the pipe G through H, and is again compressed 
by the pump. The action is continuous, and if it is maintained 
long enough, will result in liquid air collecting in the box F. A 
valve L enables the liquid air to be withdrawn. The pipes G and 
DE are enclosed in a case K, the space being packed with heat- 
insulating substance, and constitute an interchanger. Usually in 
practice a two-stage air compressor is used, in which one pump 
delivers air partially compressed into another pump which completes 
the compression. The air is cooled during its passage from pump 
to pump, and the second pump delivers the air into a cooler sur- 
rounded by a mixture of ice and salt. The interchanger may consist 
of three tubes arranged concentrically and coiled into a spiral. 
With this modified apparatus, liquid air may be obtained in a few 
minutes ; the production is accelerated if carbonic acid snow is used 
for preliminary cooling. 

Refrigerating machines using a vapour.—In modern refrigerating 
machines vapour is used as the working fluid, and alternately is 
condensed into the liquid form 
and evaporated again into 
vapour. In Fig. 453 is shown 
an outline diagram of such a 
machine. The vessel A con- 
tains a pipe coil which is 
surrounded by the substance 
to be chilled—usually calcium 
Fig. 453.—Diagram of a refrigerating machine chloride brine. The working 

using a vapour, . . 
fluid is allowed to evaporate 
inside this coil, and in doing so obtains its latent heat of vaporisation 
at the expense of the heat in the brine, which accordingly is chilled 
further. 


A pump B draws the resulting vapour from the coil in A and com 
presses it, the temperature rising as the pressure increases. The 
pump delivers the compressed vapour into another pipe coil con- 
tained in a vessel C, which is kept cool by means of circulating water. 
The pressure being high, and the temperature being lowered in this 
pipe coil, the vapour condenses again, giving up its latent heat to 
the circulating water. The resulting liquid is fed through a regulat- 
: Ing valve D into the pipe coil in A, where, the pressure being much 
lower than in C, evaporation takes place again. 
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The chilled brine is taken from the vessel A through pipes, and is 
circulated through the room which has to be maintained at low 
temperature. The brine becomes heated somewhat during its 
passage by abstraction of heat from the walls and substances in the 
room, and is returned again to A to be chilled further. Pumps are 3 
used in order to maintain the circulation of the brine. 
Substances used in refrigerating machines.—The substances gener- 
ally used in vapour refrigerating machines are anhydrous ammonia, 
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Fie. 454.—Relation of pressure and temperature for refrigerating substances. 
NH,, carbon dioxide, CO,, and sulphur dioxide, SO,. It is obvious 
that water cannot be employed since it would freeze at the low 
working temperatures. The substances mentioned possess physical 
properties which render them suitable as refrigerating agents. In 
Fig. 454 the relations of the pressure and temperature of the saturated 
vapours of the three substances are shown. It will be noticed that 
the pressure of sulphur dioxide saturated vapour becomes very 
Jow at temperatures below the freezing point of water. Thus at 
—25-8° C. the pressure is 7 lb. weight per square inch absolute, and 
the volume occupied by one pound of the vapour is 10-3 cubic feet 
(Fig. 455). It follows that at refrigerating temperatures there is a 
possibility of air leaking into the apparatus and thereby interfering 
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with the working. Further, the dimensions of the machine must 
be large, since the volume of the vapour is large. Sulphur dioxide 
machines are convenient for dairy installations in which the working 
temperatures are not required to be very low. s 

The saturated vapour of ammonia has a pressure of 16 lb. weight 
per square inch absolute at —31-2° C., hence there is no risk of air 
leaking into an ammonia machine. The volume at the above 
pressure is 16-56 cubic feet per pound of saturated vapour. Carbon 
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Fig. 455.—Relation of pressure and specific volume for refrigerating substances. 


dioxide saturated vapour has a pressure of 225 lb. weight per square 
inch absolute at —28-3° C., and the volume is 0-409 cubic feet per 
pound. The high mocking pressures in carbon dioxide machines 
offer no vital objection in practice, and the small volume of 
vapour to be dealt with enables the machine to be very compact. 
Carbon wets machines are much used on board vessels carrying 
mutton, etc. ; ammonia machines are employed extensively in land 
installations! 

The latent heats of- “Vaporisation of the’three refrigerating sub- 
stances are given in graph form in Fig. 456. The three graphs 
passing through the point whose co- cline are 0, 0, show the 
heat which must be added to, or abstracted from the liquid at 
0° C. in order to bring the liquid to other temperatures. 
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Coefficient of performance in refrigerating machines.—The co- 
efficient of performance in a refrigerating machine is the ratio cf the 
refrigerating eflect to the work done in the compressor. The refri- 
gerating eflect is the heat taken up by unit mass of working substance 
im the pipe coil in A (Fig. 453), and may be stated as the difference 
between the total heat 1, of the working substance on leaving A and 


-30 -20 -10 O 10 20 20° 80° +50 
Deg. Cent. 


FG. 456.—Relation of latent heat, heat of the liquid, and temperature for 
refrigerating substances. 


the total heat I, on entering A. The work done in the compressor 
may be measured by the heat equivalent to this work, and may be 
stated as the difference between the total heat I, of the working- 
substance on leaving the compressor and the total heat I, on leaving ~ 
A (Fig. 453).*« Thus "i 

A l-i, 


Coefficient of performance =; 7 
n i Ev 


_ This fraction is always greater than unity, and may have values 
of 3 to 7 in practice, depending upon the precise working conditions. 
*, ‘ 
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EXERCISES ON CHAPTER XXXVII. 


1. One gram of water at 160° C. is subjected to a pressure of 6323 grams 
weight per square cm., this being the pressure of saturated aqueous vapour 
at the given temperature. The water is converted into saturated vapour 

at 160° C. and takes in 499 calories of latent heat. If the volume of the 
_ vapour is 306-5 cubic cm. find the external work done during evaporation ; 
express the result in calories. Find the increase which has taken place in 
the internal energy. 


2. Define the following terms: Heat of formation of a vapour; total 
heat of a vapour ; zero state ; internal energy of a vapour. 


3. Explain the changes which take place when a vapour, initially 
saturated and containing no liquid, is expanded (a) isothermally, (6) adia- 
batically. Give reasons as far as you can. 


4. Some saturated aqueous vapour at a given temperature is contained 
in a cylinder fitted with a piston. If the piston is pushed inwards and 
compresses the vapour isothermally, what will happen ultimately ? Give 
reasons for your answer. . 


5. What is meant by a “cycle of operations” ? Give an example. 


6. What is meant by the critical temperature and critical pressure of 
a given substance ? State what you know of the properties of a substance 
at its crit cal temperature. 


7. Describe a method of liquefying oxygen; give an outline sketch of 
the apparatus. 


8. Give a sketch and describe the operation of the Linde apparatus for 
liquefying air. State clearly the principle on which the action depends. 


9. Descrihe the mode of action of a refrigerating machine in which the 
vapour of a given substance is used. Give an outline sketch. 


10. What are the principal substances used in practical refrigerating 
machines ? Refer to their principal properties and to any advantages 
possessed by each substance. 


11. Explain the meaning of the term “ coefficient of performance ” as 
applied to a refrigerating machine. 


12. Define an isothermal curve. Draw the isothermals of a substance 
(e.g. carbonic dioxide) partly in the liquid and partly in the gaseous form, 
for temperatures (a) a little below, (5) a little above the critical tempera- 
ture. Under what conditions can the substance be made to pass from 
the gaseous to the liquid form without discontinuity. Allahabad Univ. 


13. One pound mass of saturated steam is contained in a cylinder fitted 
with a piston, and is permitted to expand from a pressure of 7 kilogram 
wt. per square cm. to 3 kilogram wt. per square cm. Sufficient heat is 
supplied to prevent any condensation taking place during expansion. 
Take what quantities are required from the table (p. 534), and plot a 
pressure volume graph. 
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14. Steam is expanded isothermally in a cylinder fitted with a piston, 
and does 12,500 foot-lb. of work upon the piston. Calculate the quantity 
of heat which must be supplied during the expansion. 


15. Dry air at 0° C. and 76 cm. of mercury has a density of 0-001293. 
grams per c.c. Saturated aqueous vapour at 200° C. and 15-89 kilograms 
wt. per sq. cm. pressure has a volume of 0-1288 cubic metres per kilogram. 
_ Find the density of the vapour under these conditions, and compare the- 
value with the density of dry air under the same conditions. Take the 
density of mercury as 13-6 grams per c.c. 


16. Explain, with the aid of a diagram, the meaning of critical tempera- 
ture, critical pressure, critical volume. Describe in outline the method 
used to produce liquid air in large quantities and,.give some account of the. 
physical principles it involves. L.U.H.Sch. 


CHAPTER XXXVIII 
HEAT ENGINES 


Heat engines.—Any contrivance having for its object the trans- 
formation of heat energy into mechanical work is called a heat engine. 
Heat engines operate by taking in a supply of heat at a comparatively 
high temperature, converting some of it into work, and discharging 
the remaining heat at a comparatively low temperature. In order 
to convey the heat into and away from the engine a working substance 
must be employed. In steam engines the working substance is a 
vapour; oil and gas engines use a combustible mixture of gases ; 
hot air engines use permanent gases. 

Efficiency of a heat engine.—The efficiency of a Heat engine is the 
ratio of the mechanical work done and th. heat energy supplied, 
both stated in thermal units. If a heat engine takes in Q, and 
discharges Q, units of heat, then (Q,—Q,) units of heat have dis- 
appeared in the engine and have had the chance of being converted 
into mechanical work. Hence the maximum efficiency which this 
heat engine can have is (Q; —Q,)/Q,. 

In any heat engine the working substance goes through certain 
changes of pressure, volume, temperature, etc., and either returns 
to the initial conditions, or may be imagined to do so. The complete 
series of operations from the start to the return to the initial condi- 
tions constitutes the cycle of operations. 

Carnot’s cycle.—In Carnot’s ideal cycle of operations all the heat 
taken in by the engine enters at constant temperature T,, and 
all the heat discharged is given out at constant temperature T,. 
The engine is supposed to be such as to enable isothermal and 
adiabatic operations to be realised, and is therefore an ideal 
engine (p. 429). 

In Fig. 457, A is an imaginary Carnot engine. Heat is supplied 
from a hot body B, which is maintained at temperature T; ; a cold 
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body C is maintained at temperature T, and receives the heat dis- 
charged from the engine. Let the initial temperature of the working 
substance in the engine be T,,. 

The first operation is to compress the working substance adiabati- 
cally until its temperature is T,. 

The second operation is to allow the working substance to expand 
isothermally, heat being taken in from B at constant temperature 
T,. This operation is stopped when Q, units of heat have been 
taken in. 

The third operation is to allow the working substance to expand 
adiabatically until the temperature has fallen to T,. 


O V 


Fia, 457.—Action in a Carnot Fic. 458.—Pressure-volume diagram 
engine. illustrating Carnot’s cycle. 

The fourth operation is isothermal compression of the working 
substance at constant temperature T,; during this operation Q, 
units of heat are discharged to the cold body C, and the operation 
is stopped when the initial conditions of pressure, volume, etc., are 
attained. This completes the cycle. 

Reference to the pressure-volume diagram (Fig. 458) may assist 
in visualising the cycle. The stages are as follows : 

1 2. Adiabatic compression from T, to T}. 

2 3. Isothermal expansion at T}; heat taken in =Q}. 
34. Adiabatic expansion from T} to To. 

41. Isothermal compression at T,; heat discharged =Q,. 

External work is done by the working substance during the 
operations 2 3 and 3 4, and work is done upon it during the operations 
41 and 12. The heat which disappears in the engine is (Q, —Q,), 
and this quantity is the equivalent of the net external work 
done. 
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Carnot’s cycle is reversible.—It is important to notice that the 
operations in Carnot’s cyele can be performed in inverse order. 
Thus, starting the cycle at the point 2 (Fig. 458), we have : 

21. Adiabatic expansion from T, to To. 

14. Isothermal expansion at T,; heat taken in from the cold 
body =Q}. 

43. Adiabatic compression from T, to T}. 

3 2. Isothermal compression at T,; heat discharged to the hot 
body =Q,. 

This reverse order is rendered possible by the working substance 
taking in and giving out heat at constant temperatures only, and 
being brought to the temperature of cither the hot or the cold body 
before heat flow starts. 

If a Carnot engine be reversed, the cold body loses a quantity of 
heat equal to that which it gained when the cycle was performed 
in the forward direction. The hot body receives a quantity of heat 
equal to that which it supplied formerly. (Q,—Q,) represents the 
heat equivalent of the external work which must be done upon 
the working substance. When working in the reverse direction the 
engine may be described as a heat pump. 

Efficiency of a Carnot engine.—No heat engine working between 
given temperatures Tı and T, can have an efficiency higher than 
that of any reversible engine working 
between the same temperatures. In 
Fig. 459, A, is a heat engine which cannot 
be reversed, and A, is a reversible heat 
engine. A, runs in the forward direction, 
taking in Q,’ heat units from the hot 
body B and discharging Q,’ heat units 
into the cold body C. A, runs in the 
Fia. 459.—Efficiency of a Carnot reverse direction, and takes in Q, heat 

engine. . > 

om units from C and discharges Q, heat 
units into B. Assuming for the moment that A, has an efficiency 
higher than that of Ag, let A, drive Ay, so that the whole arrangement 
constitutes a self-acting machine. 

Since the efficiency of A, has been supposed to be greater than that 
of A), we have: Q -a R 


a CE T N E T (1) 
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(a) Suppose that  Q,’—Q,'=Q, —Qy, i a (2) 
then ee ae (3) 
Also from (2) and (3) ca E e (4) 


From (3), the hot body B has gained (Q, —Q,’) heat units, and from 
(4), the cold body C has lost (Q,—Q,’) heat units. Hence the 
general effect of the arrangement is that the cold body is losing 
heat and the hot body is gaining heat during each cycle of the 
engines. 

Now it is contrary to all experience to find a self-acting machine 
able continuously to transfer heat from a cold body to another body 
at a higher temperature. This statement constitutes the second law 
of thermodynamics. 

(6) Suppose in (1) that Q,’ and Q, are equal, then for (1) to be 
Bore, we must have Gif Or A Ar de (5) 
and therefore, rath acc seys ee dat PRR AE (6) 


Hence, from (6), the cold body C has lost (Q,-Q,’) heat units, and 
by supposition the hot body B neither gains nor loses heat. Thus 
the work of driving A, had been accomplished by abstracting heat 
from the cold body. Another statement of the second law of thermo- 
dynamics is that it is impossible to derive useful work continuously 
by abstracting heat from the coldest of the surrounding bodies. 

Admitting the truth of this law, we may assert that it is impossible 
that any heat engine can have an efficiency higher than that of a 
reversible heat engine working 
between the same temperatures. 
Hence all reversible heat engines 
working between the same 
temperatures have the same 
efficiency. 

Kelvin’s absolute scale of tem- 
perature.—In Fig. 460, let ABCD 
be the pressure-volume diagram 
for a Carnot’s heat engine work- 
ing between absolute tempera- O V 
tures T, and Tọ Let there Fie. A Oe yonn A for a 
be another series of Carnot’s 
engines, arranged so that the first engine takes in Q, heat units from 
the hot body and discharges Q, heat units into the second engine, 
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which thus receives its supply of heat. The second engine thus 
takes in Q, heat units from the first engine, and is arranged to 
discharge Q, heat units into the third engine, and so on. 

The external work done by the first engine is (Q-Q), and by 
the second engine (Q,—Q,), etc. Let the initial and final tempera- 
tures for the first engine be T, and T, and for the second engine 
T, and T;, etc. In Lord Kelvin’s absolute scale of temperature, if 
all the engines in the series perform equal quantities of work during 
each cycle, the temperature ranges through which they work are 
equal ; i.e. 

If (Q1 — Q2) = (Q2 - Q3) = (Q3 - Q4) = ete. 

Then (Ti —T.) = (Tz — Tg) = (Tz — Tg) = et. 

This absolute scale of temperature is independent of the properties 
of any particular substance. 

Absolute zero of temperature.—In Fig, 460, the small shaded areas 
represent the work done by the engines of the series, and are equal 
to one another. If there be 100 engines between the boiling and 
freezing points of water, then each engine has a range of one degrec 
Centigrade. Continuing downwards by equal steps of temperature, 
the last engine will take in heat at 1° absolute, will perform 
external work, and will have no heat left to discharge after per- 
forming the external work. Absolute zero in the Kelvin scale may 
be defined as the lower limit of temperature in a Carnot engine 
in which the internal energy of the working substance has been used 
entirely in the performance of external work. Kelvin’s absolute 
zero is found by experiment to coincide with the zero of the gas 
thermometer scale (p. 402); temperatures measured from it are 
called absolute temperatures. 

Efficiency in terms of temperature.—In the above series of engines 
the quantity of heat Q, has been divided equally among all the 
engines of the series, i.e. the heat drop is the same in each engine, 
and the temperature drops are also equal, hence the quantity of 
heat is proportional to the Kelvin absolute temperature. The 
efficiency of the first engine of the series is (Q,—Q,)/Q,, and this 
may be written (T,-—T,)/T,, or, for any Carnot engine working 
through a temperature range from T, te Ts, 


IR 
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Efficiency = 
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If the engine takes in Q, heat units, the maximum work which 
can be derived from the engine is given by : 


Maximum work obtainable =Q; (45 t), 
1 
The conclusions derived from the Carnot cycle are valid, being 
in accord with experience, but the cycle cannot be realised in practice ; 
hence other cycles have been devised which 
afford fairer comparison with the perfor- 
mances of actual engines. 


Hot air engines.—The action in a hot air 
engine is of interest, and may be understood 
by reference to Fig. 461. The cylinder A is 
fitted with a piston B which is connected 
by a rod C to a crank D. D is fixed to a 
revolving shaft E, and another crank F is 
fixed to the shaft and makes an angle of 90° 
with the crank D. Another cylinder G has 
a displacer H which is driven up and down 
by the crank F, to which it is connected by 
the rods K and L. The lower end of G is 
heated by means of a bunsen M, or a iurnace 
may be used; the upper end is kept cool 
by means of cold water circulating through 
pipesN. The cylinders A and G are in per- 
manent communication by the passage O. 

A is the motor cylinder, and work is done 
on the piston B by the pressure of the air 
enclosed in the cylinders. This pressure is 
increased during the upward stroke and 
diminished during the downward stroke of 
B in the following manner. The displacer 
H is so constructed that air can pass through 
it. In the position shown in Fig. 461, H is 
at the bottom of the stroke and has therefore 
caused the air to flow to the top end of G, 
where it is in contact with the cold tubes. 
The consequent cooling has the effect of 
lowering the pressure. B has still about 14 461- Piagam of a hot 
half of the downward stroke to be com- 
pleted. While this stroke is being completed, H begins to rise, 
and air flows to the lower end of G, where it is in contact with hot 
walls. The rise in temperature which occurs causes the pressure 
to increase, and the upward stroke of B is thus accomplished under 
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the action of the augmented pressure. The pressure varies only 
slightly above and below that of the atmosphere, and the same air 
is used over and over again. The engine is suitable for very small 
powers only. 3 

Particular interest is attached to the action of the displacer H, 
which is a form of the regenerator invented by Stirling. The heated 
air, in passing upwards through H, loses a considerable portion of 
its heat to the material of which the displacer is constructed. This 
heat is taken in again by the air during its downward passage through 
H. The temperature of the displacer, when matters have settled 
down, is graded from bottom to top, being approximately that of 
the hot cylinder bottom at the lower end and that cf the cold pipes 
at the upper end. The air thus loses heat gradually in passing 
upwards, and is in contact with matter at nearly its own tem- 
perature throughout the passage. During the downward passage, 
the initially cold air is in contact with cool material at the 
upper end of the displacer, and gradually becomes warmer as it 
passes downwards; in this passage, once again, the air is in 
contact with material at nearly the same temperature ‘as itself 
throughout the passage. Owing to the regenerator, there is coa- 
siderable reduction in the wastage of heat, and the action of the 
regenerator in alternately heating and cooling the air is very nearly 
reversible. It will be noted that the displacer H does not produce 
any change in volume, but merely transfers air from one place to 
another. 


EXERCISES ON CHAPTER XXXVIII. 


1. Describe what is meant by a heat engine. During each cycle, a 
certain heat engine takes in 24-36 units of heat and discharges 19-42. Find 
the efficiency. 

2. Describe the Carnot cycle; make reference to a pressure-volume 
diagram. 

3. State exactly what is meant by the term “ reversible 
to a heat engine. Describe the reversed Carnot cycle. 

4. State the second law of thermodynamics. Making use of your 
statement of the law, show that no heat engine can have an efficiency 
higher than the efficiency of a reversible heat engine working between 
the same temperatures. 

5. Explain the Kelvin scale of absolute temperature. Define absolute 
zero on this scale. 

6. Find the efficiency of a perfect (Carnot) heat engine which takes in 
50,000 Ib.-deg.-Cent. units of heat per hour at a temperature of 180° C. 


and rejects heat at 80°C. How much work could be done in foot-lb. per 
hour by this engine ? 


393 


as applied 


7. Describe the action of a hot-air engine. Explain the function of the 
regenerator. 
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8. Name three properties of materials which vary in consequence of 
variation of temperature, and explain how some one of these variations may 
be employed to define a scale of temperature. 

On what principle is it possible to define a scale of temperature inde- 
pendently of any particular property of matter ? Adelaide University. 


9. Assuming the properties of an engine working in a simple rever: 
sible cycle, explain the construction of the scale of absolute temperature. 


Allahabad Univ. 


CHAPTER XXXIX 


STEAM ENGINES AND BOILERS 


Steam engine cycle.—The cycle in a steam-power plant may be 
followed by reference to Fig. 462, in which is given a diagram of an 
engine and boiler, together with the necessary auxiliaries. Starting 
with water in a tank A—called the hot-well—the water is pumped 
by a feed pump B through a feed water heater C. This heater may 
consist of rows of pipes placed in the flue leading from the boiler ; 
its object is to heat the comparatively cold feed water to a tempera- 
ture nearer that of the water in the boiler. The water leaves the 
feed heater through the pipe D and is discharged into the long 
cylindrical drum E which forms part of the boiler. The boiler shown 
is of the Babcock & Wilcox type. A number of inclined pipes F 
and H are connected to the drum E, and rows of inclined tubes G are 
connected to F andH. K is the furnace; the hot gases leaving the 
burning fuel pass upwards among the inclined tubes G, and are 
directed by baffle plates so that the gases pass downwards among 


the tubes, then upwards again. The gases then pass round the © 


tubes of the feed water heater C, and thence to the chimney L. The 
water in the boiler stands at the level of the axis of the drum E. 
Owing to the inclination of the tubes G and the hot gases passing 
round the tubes at the higher ends, a circulation of water is produced, 
downwards through the tubes F, through the tubes G, and then 
upwards through the tubes H into the drum E again. Boilers of this 
kind are called water-tube boilers. 

Steam collects in the upper part of the drum E and leaves through 
a stop valve N. The steam passes through a, pipe P into another 
row of tubes M, round which the hot furnace gases circulate. The 
steam is thus heated to a temperature higher than that of the satu- 
rated steam in the drum E, and becomes superheated steam (p. 450). 
The steam leaves the superheater M through the pipe Q, and is led 
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to the engine R, where it does work and is discharged at much lower 
pressure and temperature through the pipe S into the condenser T. 
The condenser shown consists of a vessel having a large number of 
brass tubes through which cold water flows ; this circulating water 
enters at V and leaves at W. ‘The steam from the engine passes 
round outside the tubes, and is condensed by the action of the cold 
surfaces of the tubes; condensers of this type are called surface 
condensers. The steam space in the condenser is maintained at a 
partial vacuum by means of an air pump X, which withdraws air and 
also the water condensed from the steam. The air pump discharges 
the water into the hot well A. 

It will thus be seen that the heat liberated from the burning fuel 
is utilised (a) in heating the feed water, (b) in completing the heating 
of the feed water and evaporating it in the boiler, (c) in superheating 
the resulting steam. Heat is thus taken in by the working substance 
at all temperatures lying between the temperature of the water in 
the hot well and the temperature of the steam in the pipeQ. (Compare 
this with Carnot’s cycle, in which all the heat is taken in at the 
higher temperature only.) 

The heat discharged by the engine is extracted by the circulating 
water in the condenser, which rises in temperature during its passage 
through the tubes. 

ExAmPLeE.—In a certain steam plant, the engine gives one horse-power 
for an hour for each 14 pounds of coal fed into the boiler furnace. The coal 
has a heating value of 8000 lb.-deg.-Cent. units per pound. What per- 
centage of the heat energy of the coal is converted into mechanical work ? 

Energy derived from 1 horse-power = 33000 foot-lb. per minute. 

33000 x 60 
ae 
33000 x 60 
~~ 1400 
. = 1414 lb.-deg.-Cent. per hour. 
Energy supplied per hour to produce this result 
=8000 x 14. 
=12000 lb.-deg.-Cent. 


1414 
12000 * 100 
=1 18: 
The remaining 88-22 per cent. of the heat contained in the coal has been 
wasted in various ways. 


.. Required percentage = 
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Action in the steam engine.—The action in a steam engine may 
be understood by reference to the outline diagram in Fig. 463. The 
cylinder A has a piston B which is urged to and fro in the cylinder by 
the action of the steam pressure. The piston is connected by a 
piston rod C to a crosshead D, which is guided by part of the frame 
H so as to travel in a straight line. The crosshead is connected by 
a connecting rod E to a crank F which is fixed to a revolving crank 
shaft G. The reciprocating motion of the piston is thus converted 
into motion of rotation of the crank shaft. 

Steam is brought from the boiler into a steam chest K through a 
pipe L, and enters the cylinder through ports M and N. A third 
port F permits the discharge of the steam after it has done work 
on the piston. These ports are opened and closed at the proper 


Fia@. 463.—Outline diagram of a steam engine. 


instants by a valve Q, which is reciprocated by means of an eccentric 
S, or small crank, fixed to the crank shaft; S is connected to the 
valve by the eccentric rod R and a valve rod. 

As shown in Fig. 463, the valve has been drawn towards the right 
and has uncovered the steam port M ; steam is thus flowing into the 
left-hand end of the cylinder, and is urging the piston towards 
the right. At the same time, the cavity in the valve has uncovered 
the steam port N to the exhaust port P, and the steam in the right- 
hand end of the cylinder is being discharged. During the backward 
stroke of the piston, the valve has been pushed to the left by the 
action of the eccentric, and uncovers the steam port N to steam, and 
the steam port M to exhaust. 

Steam is prevented from leaking from one side of the piston to the 
other side by means of spring rings fitted into grooves on the rim of the 
piston. These rings press outwards against the walls of the cylinder. 
The piston rod and valve rod pass through stuffing boxes in the end 
of the cylinder and valve chest, and are thus rendered steam tight. 

Steadiness of rotation of the crank shaft G is secured by means 
of a heavy flywheel which is fixed to the shaft. The engine is 
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maintained at approximately constant speed by means of a governor 
A (Fig. 464). Two heavy balls FF are mounted at the ends of arms GG, 
which are attached dt their upper ends by pins to a spindle H. The 
spindle is rotated by a belt 
from the crank shaft running 
on the pulley K, the motion 
being transmitted to H by 
means of bevel wheels L. 
Other arms MM connect the 
balls to a sleeve N which can 
siide on the spindle H. A 
1p heavy weight P is carried by 
the sleeve. A bent lever Q 
has one arm connected to a 
rE collar embracing the sleeve, 
— and the other arm is con- 
qi . í nected by a rod S to the 
throttle valve lever E. 

When the engine is running, 
centrifugal force acts on the 
Fig. 464.—Diagram showing how the governor balls, causing them to move 

controls the steam supply. ? o, $ 
outwards until a steady posi- 
tion is reached which depends upon the speed of rotation. Any 
increase in speed will cause further cutward movement of the balls, 
producing an upward movement of the sleeve N.. This movement is 
transmitted to the throttle valve C, and causes it to close partially 
the steam-pipe B. Thus the supply of steam to the engine is 
reduced, and the speed falls again. Reduction in speed below the 
normal causes the balls to move inwards, and the throttle valve is 
consequently opened to a greater extent, thus increasing the supply 
of steam to the engine. 

The student is referred to the section on Dynamics, Chaps. XV. 

and XVI., for the theory of the action of flywheels and governors. t 


Thermal efficiency of a steam engine.—In practice the heat supplied 
to a steam engine is taken as the difference between the total heat 
of the steam entering the cylinder and the heat of the same weight 
of water at the temperature of the exhaust. steam. Both these 
quantities are reckoned from the arbitrary zero state of water at 
0° C. The thermal efficiency of the engine is calculated by taking 
the ratio of the heat equivalent of the work done on the engine 
piston and the heat supplied. 


EXAMPLE 1.—In testing a small engine, the steam was supplied at an 
absolute pressure of 95-5 lb. wt. per sq. in., temperature 162-3° C., total 
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heat 661:5 lb.-deg.-Cent. per pound of steam. The exhaust steam had 
a temperature of 102-4°C. The heat of water at this temperature 
is 103 lb.-deg.-Cent. per pound. The engine used 36-25 pounds of steam 
per horse-power per hour. Find the thermal efficiency. 
Heat supplied per pound of steam =661-5 — 103 : 
=558°5 lb.-deg.-Cent. 
Heat supplied per horse-power per hour =558-5 x 36-25 
; =20,246 lb.-deg.-Cent. 
Work obtained per horse-power per hour =33000 x 60 ft.-lb. 
_ 33000 x 60 
~ 1400 
=1414 lb.-deg.-Cent, 
Thermal efficiency = oe x 100 
20246 
=6-98 per cent. 


EXAMPLE 2.—Find the efficiency of a Carnot engine working between the 
same limits of temperature as the above engine. 
Efficiency ped Noel 
Tı 
(162-3 +273) - (102-4 +273) 
162-3 +273 


=0-137 


59:9 
~ 435-3 
=13-7 per cent. 

In practice the Rankine cycle is taken as the standard of comparison 
in preference to the Carnot cycle. In the Rankine cycle, the ideal 
engine is taken as receiving steam at the same temperature and 
pressure as the actual engine, up to the point of cut off; expanding 
this steam adiabatically until the pressure falls to that of the exhaust 
of the actual engine, and discharging at this pressure. In the above 
examples, the efficiency of the ideal Rankine engine is about 12-9 per 
cent. 

Some sources of waste in steam engines.—The principal source of 
waste in the steam engine is the action of the cylinder walls on the 
steam. During the exhaust stroke, the walls have been cooled 
considerably, with the result that a considerable portion of the heat 
in the steam admitted during the next stroke is abstracted in heating 
the walls. If the incoming steam is saturated, some of it will con- 
dense, and there will be a mixture of steam and water in the cylinder 
before expansion starts. During expansion, the temperature of the 
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steam is falling, and a point is reached beyond which the walls are 
hotter than the steam. Heat then flows from the walls into the 
mixture, and evaporates some of the water. 
When the exhaust valve opens, the pressure 
and temperature of the steam fall consider- 
ably and the evaporation becomes very 
energetic. The result is that a large amount 
of heat is carried away in the exhaust steam 
and is wasted. 

The action of the walls is lessened by using 
superheated steam, which may be cooled 
considerably before condensation begins. 
The action is smaller in large cylinders, 
since the area of the wall surface is less 
proportionally to the volume of steam in 
large than in small cylinders. Higher speed 
of revolution diminishes the action of the 
walls by giving less time for the action to 
take place. The evils of cylinder condensa- 
tion were first discovered by James Watt. 
Prior to his inventions, the steam was 
actually condensed in the cylinder by means 
of jets of water. Watt fitted a separate 
condenser, and endeavoured to keep the 
cylinder of the engine as hot as the entering 
steam by surrounding the cylinder with a 
jacket containing steam taken from the 
boiler, and by clothing the outside of the 
cylinder with substances which were bad 
conductors of heat. 


Fig, 465.—Diagram of a tandem compound condensing engine with jet condenser. 


Compound engines.—The efficiency of the 
engine is increased by increasing the upper 
limit of temperature, t.e. by using steam at 
higher pressures. There is a limit to the 
extent which this can be done economically 
in a single cylinder, since the range in tem- 
perature becomes very great, and the wall 
action becomes correspondingly great. The plan adopted is to 
expand the steam partially in one cylinder and to continue the 
expansion in a second cylinder. A third and fourth cylinders are 
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employed in the case of great initial pressures. Such engines are 
called compound, or multiple-expansion engines. 

A compound engine is shown in outline in Fig. 465. A is the high- 
pressure cylinder, in which the early stage of expansion is performed. 
The steam is shown entering by the valve S}, and the other side of the 

iston is exhausting through the valve E,. The steam so exhausted 
is led through the valve S, and acts on the piston of the low-pressure 
cylinder B. The contents of B on the other side of the piston are 
exhausting through the valve E, into a condenser E, where jets of 
cold water: condense the steam; condensers of this kind are called 
jet-condensers. The resulting water and air are withdrawn by the 
airpumpC. The pistons of A and B and also the piston D of the 
air pump are all fixed to the same piston rod, and the axes of all 
three cylinders coincide. The arrangement is described as a tandem 
engine. More usually, each of the cylinders A and B operate on 
separate cranks, and the air pump is either werked by a separate 
engine or motor, or by a connection to the low-pressure piston rod. 
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Fig. 466.— Diagram showing a method of estimating the mean pressure. 


Work done on the piston of a steam engine.—In Fig. 466 a diagram 
of work done has been drawn for a steam engine. PV is the perfect 
vacuum line; PA represents the absolute initial, pressure, which is 
maintained constant during the admission of steam to the cylinder. « 
The steam is cut off at B, and expansion follows as shown by the 
curve BE. The constant back pressure acting on the other side of the 
piston is shown by the height of the line FG above PV. The total 
work done on each square inch of piston area is represented by 

D.8. P 2K 
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the area PABEV ; part of this work is done against the back pressure, 
and is represented by the area PGFV. The net work done is therefore 
represented by the area ABEFG. 

The mean effective pressure acting on the piston is obtained by 
dividing GF into ten equal parts and measuring the height (using a 
scale of pressures) at the centre of each part. The sum of these 
heights, divided by ten, gives the mean pressure pm. The work done 
and the horse-power developed on the piston are calculated as follows: 

Let Pm=the mean effective pressure, in lb. wt. per sq. in. 

A=the area of the piston, in sq. inches. 
L=the length of the stroke of the piston, in feet. 
| N =the number of working strokes per min. 

Then Resultant mean force =p,,A lb. wt. 

Work done per stroke =p,,AL foot-lb. 
Work done per minute =p,,ALN foot-lb. 
Dm ALN 
33000 

Horse-power calculated in this way is called the indicated-horse- 
power from the circumstance that an instrument called an indicator 
is used to obtain the actual diagram of work done in the cylinder. 


Horse-power = 
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Fic. 467.—Actual diagram of work. 


Actual diagrams of work.—The actual diagram of work differs 
somewhat from that shown in Fig. 466; the differences will be seen 
by inspection of Fig. 467, which shows in dotted lines the diagram 
formerly considered. From A to c the pressure generally falls 
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somewhat during admission ; the corner at cd is rounded owing to the 
slowly closing valve throttling the steam. The exhaust valve opens 
before the end of the stroke as shown by the curve at eF. At g the 
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Fic, 468.—McInnes- Dobbie indicator. 


exhaust valve closes and entraps some of the steam which is coms 
pressed by the returning piston and serves as a cushion for bringing 
the piston to rest quietly. The valve begins to admit steam at a. 
The indicator.—An example of an indicator is given in Fig. 468. 
A small cylinder X is fitted with a piston and is in communication 
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with the engine cylinder. The pressure of the steam urges the 
indicator piston upwards against the resistance of a spring U. The 
height through which the piston rises is thus proportional to the 
pressure. The movement of the piston is small, and is magnified by 
means of a parallel-motion mechanism G, to which the end of the 
piston rod is attached at H. A piece of paper is wrapped round a 
drum which reciprocates through about nine-tenths of a revolution ; 
the drum is pulled in one direction by a cord attached to the engine 


Fig. 469.-—Arrangement for driving the indicator drum. 


crosshead and is brought back again by means of a spring A. A 
pencil attached to the left-hand end of G draws the diagram on the 
paper. Vertical heights on the paper represent pressures, and 
horizontal distances represent the movements of the piston. 


As a rule the crosshead of the engine has too great a travel to 
permit of direct connection to the indicator drum. An arrangement 
such as is shown in Fig. 469 is often used. The crosshead C drives a 
lever AB to which it is connected by a short link BC. The indicator 
cord is attached at D, and thus the drum obtains the motion of the - 
piston on areduced scale. The pipe arrangement and cock at E and 
F enable the indicator to be connected to either end of the cylinder ; 
a diagram from each end is generally taken on the same paper. 
Such a diagram is shown in Fig. 470. The fraction <4, means that 
the strength of the spring used in the indicator was such that the 
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scale of pressures on the diagram is 80 lb. wt. per square inch for 
each inch of vertical height. From the diagrams, the mean pressure 
for one side of the piston is 64 and for the other side 60 ; the average 
for both sides is thus 62 lb. wt. per square inch. Tt is obviously 
impossible for the indicator to draw the perfect vacuum line on the 


Fie. 470.—Example of an indicator card. 


paper. The line AL is drawn by putting the indicator cylinder into 
communication with the atmosphere by means of the cock ; AL thus 
represents the pressure of the atmosphere. If the perfect vacuum 
line is required, it may be drawn on the diagram at a distance below 
AL equal (to scale) to the pressure of the atmosphere, obtained. by 
reading the barometer at the time the diagram was taken. 


Brake horse-power.—The indicated horse-power of an engine is 
a measure of the power developed on the piston of the engine, and 
does not represent the power which the engine is capable of giving 
out in the useful form of driving machinery. To obtain the latter, 
the energy given out by the engine may be absorbed by the resistance 
offered by a brake. A type of brake suitable for testing engines 
of comparatively small power is shown in Fig. 471. A double rope 
is passed round the flywheel and is kept in position by means of four 
wooden blocks which embrace the rim of the wheel. A load W is 
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attached to one end and a spring balance to the other end of the 
rope. As arranged in Fig. 471, the wheel rotates anticlockwise. 
The load W resists the rotation of 
the wheel, and the pull P of the 
spring balance is assisting the rota- 
tion; both these forces are com- 
municated to the wheel by the 
frictional forces between the ropes 
and the rim of the wheel. 


rn Let R=the radius in feet, meas- 
SECTION o ured to the centre of 
WHEEL Rime the rope. 
P=the pull of the spring 
balance, in lb. weight. 
W =the load, in lb. weight. 
N =therevolutions per minute. 
Then, Net force retarding the wheel =W —P. 
Work done per revolution = (W —P)27R. 
Work done per minute =(W —P)27RN foot-lb. 

(W —P)27RN 
~ 33000 

This horse-power, having been obtained by means of a brake, is 
called the brake horse-power, and is the useful horse-power which 
the engine can give out. The work done against the frictional 
resistance of the brake is converted into heat, and the wheel rim 
becomes warm in running a test. If the load is not too large, the 
heat is dissipated into the atmosphere with sufficient rapidity to 
prevent the wheel from becoming overheated. Brake wheels are 
sometimes made of hollow rim section, and cooling water is run into 
the rim and scooped out again by means of a sharp-edged pipe. 

Mechanical efficiency of an engine.—The difference between the 
indicated and brake horse-powers represents the horse-power 
required to overcome frictional resistances of the mechanism of 
the engine. Writing I.H.P. and B.H.P. respectively for these 
powers, we have: 


Fic. 471.—A common form of rope break. 


Horse-power developed = 


Power wasted in the engine mechanism =1.H.P. —B.H.P. 
Energy given to the piston per minute =1.H.P. x 33000. 
Energy given out by the engine per minute =B.H.P. x 33000. 
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The ratio of these quantities of energy gives the efficiency of the 
engine mechanism, and is called the mechanical efficiency of the engine. 
B.H.P. x 33000 
I.H.P. x 33000 
BHR: 
BA oa 
Steam turbines.—It is only during the last twenty-five years that 


the steam turbine has been developed. The action consists in 
blowing steam against blades fixed to a wheel, and thus causing the 


Mechanical efficiency = 


Fig. 472.—Action of the de Laval steam turbine. 


wheel to revolve. Part of a de Laval steam turbine is shown in 
Fig. 472. In this type of turbine, the steam is brought to a nozzle 
and allowed to expand in passing through it. The expansion is 
approximately adiabatic, and the work which would have been done 
by the steam had it been expanded behind a piston is converted 
into kinetic energy in the steam. The result is that the steam leaves 
the nozzle with a very high speed. In Fig. 472 there are four 
nozzles, each of which blows a jet of steam against the blades which 
are fixed round the circumference of the wheel. 

If steam is expanded in a properly designed nozzle from a pressure 
of 150 to 1 lb. wt. per square inch absolute, it will leave the nozzle 
with a velocity of nearly 4000 feet per second (assuming no losses). 
Theoretically the speed of the rim of the wheel should be one half of 
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this, viz. 2000 feet per second. Such speeds are not practical, and 
a compromise is effected by running the wheel at rim speeds of from 
500 to 1400 feet per second. The 5 horse-power de Laval turbine 
wheel runs at 30,000 revolutions per minute, and the 300 horse- 
power wheel runs at 10,600 revolutions per minute. These speeds 
of revolution are too high to be used direct, and gearing is intro- 
duced into the turbine in order to reduce the speeds to meet practical 
requirements. 

` Reduction in the speed of turbine wheels may be obtained by the 
expansion of the steam in stages, each stage involving a small drop 
in pressure only. In each stage the 
steam passes through the blades of a 
revolving wheel, and all the wheels 
are fixed to the same shaft. The 
velocity acquired by the steam in 
each stage is comparatively small,- 
and such turbines may be run at 


speeds which can be used for direct 
driving of electrical machinery. The 
| principle is illustrated in diagram form 


] i y j in Fig. 473. A number of rotating 
bladed wheels are arranged to cut at 
right angles a nozzle through which 
; steam is expanding. There are fixed 
guide blades in the nozzle between each pair of wheels so as to give the 
steam the correct direction of flow in entering the wheel blades. 

The Parsons steam turbine is of this type (Fig. 474). In the 
example shown, the top cover of the machine has been folded back 
so as to enable the wheels to be inspected. The half rings of guide 
blades may be seen inside the cover, the other half rings are fixed 
in the lower part cf the casing. The steam enters the turbine at the 
end where the wheels have the smallest diameters and shortest blades, 
and leaves at the other end. The diameter is increased and the 
blades made longer in order to provide accommodation for the 
passage of the increasing volume of the steam as it expands. 

Lancashire boiler.—The Lancashire boiler is much used in modern 
practice. An example is shown in Fig. 475. The boiler consists of a 
Jarge cylinder about 30 feet in length and about 8 feet in diameter. 
Two furnace tubes, each about 40 inches in diameter, pass from end 
to end of the boiler. There is a furnace about 7 feet long at the 
front end of each of these tubes. ` Brickwork flues are arranged round 
the boiler. The hot gases from the furnaces pass along the furnace 
tubes and emerge at the back end. Here they pass downwards into 
the bottom flue E, and then along the bottom of the boiler to the 
front end. At this end, the gases divide, and flow into two side flues 


Fic. 473.—Diagrammatic representa- 
tion of a reaction steam turbine. 
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FF, and pass along these to the back end of the boiler, where they 
reunite in the flue G leading to the chimney. 


Fie. 474.—A Parsons steam turbine, with the top cover opened. 


A boiler of this type can burn about 800 pounds of coal per hour, 
and can evaporate about 7000 pounds of water per hour. The 
efficiency of a good boiler is about 75 per cent., z.e. about 75 out of 
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EXERCISES ON CHAPTER XXXIX. 


1. Trace the various sta 
steam power plant, 
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2. Describe the working of a steam boiler. Make an outline sketch 
showing the passage of the hot gases. 


3. In a certain steam boiler, 400 pounds of coal are burned per hour ; 
the heating value of the coal is 7600 lb.-deg.-Cent. units per pound. The 
boiler is fed with 3500 pounds of water per hour at a temperature of 30° C., 
and this water is evaporated into steam at 146 lb. per square inch absolute 
pressure. What percentage of the heat supplied in the coal leaves the 
boiler in the steam ? (See the Table, p. 534, for any quantities required.) 


4. The boiler given in Question 3 supplies all the steam generated to 
a steam engine which develops 220 horse-power. Find the percentage of 
the heat supplied in the coal which is turned into useful work by the engine. 


5. Describe the action of the steam in the cylinder of a steam engine, 
making reference to an outline sketch. 


6. Explain the functions of (a) the flywheel, (6) the governor in a steam 
engine. 

7. How is the thermal efficiency of a steam engine calculated in practice ¢ 
A steam engine is supplied with saturated steam at 165° C. and the exhaust 
steam has a temperature of 70°C. The engine used 15 pounds of steam 
per horse-power per hour. Find the thermal efficiency. What would 
be the thermal efficiency of a Carnot engine working between the same 
temperatures? (Take the quantities required from the Table, p. 534.) 


8. Describe the principal sources of waste in a steam engine. What 
means are taken to reduce these ? 


9. Make an outline sketch and briefly explain the action in a compound 
steam engine. 


10. Sketch an approximate indicator diagram for a steam engine in 
which steam is supplied at 75 lb. wt. per square inch absolute and is cut 
off at one-third stroke. The pressure of the exhaust steam is 17 lb. wt. 
per square inch absolute. How would you obtain the mean pressure from 
the diagram ? 


11. Sketch in outline the principal parts of a steam engine indicator. 
Give a brief description of the method of using the indicator. 


12. A steam engine has a cylinder 20 inches diameter. The piston has 
a stroke of 3 feet. The engine runs at 180 revolutions per minute, and the 
mean pressure is 46 lb. wt. per square inch. Find the indicated-horse- 
power. 


13. In testing an engine by means of a brake, the load on the brake was 
70 lb. weight and the pull of the spring balance was 22 lb. weight. The 
brake wheel was 5 feet in diameter, measured to the centre of the rope, 
and had a speed of 210 revolutions per minute. Find the ,brake-horse- 
power. If the mechanical efficiency of the engine was 84 per cent., find 
the indicated-horse-power and the horse-power wasted in engine friction. 


14. Describe the action in a steam turbine of the de Laval type. 


15. Describe the principle of the action in a Parsons steam turbine, 
explaining clearly the method by which a speed of revolution is obtained 
lower than that of a turbine of the de Laval type. 


520 HEAT 


16. Explain the meaning of the terms temperature slope (or gradient), 
coefficient of thermal conductivity. 

Calculate these quantities in the case of a boiler whose plates are 1-8 cm. 
thick, if the side exposed to the furnace has an area of 7-6 square metres 
and is kept at a temperature of 105° C., steam being generated at the rate 
of 380 kilograms per hour at atmospheric pressure. Latent heat of steam, 
537 calories per gram. How would you account for the comparatively « 
low temperature of the exposed surface ? L.U. 


CHAPTER XL 


INTERNAL COMBUSTION ENGINES 


Cycles used in internal combustion engines.—Any engine in which 
the combustion of the fuel is carried out in the engine cylinder is 
called an internal combustion engine. The fuel employed is gaseous, 
and may be lighting gas, or power gas made specially for use in the 
engine, or oil vapour. 

There are two cycles in general use. In the four-stroke, or Beau-de- 
Rochas cycle, there are four strokes of the piston in the complete 
cycle. 

l. Charging stroke. The piston moves outwards and draws into 

the cylinder an explosive mixture of gaseous fuel and air. 
= 2. Compression stroke. The piston moves inwards and compresses 
the mixture. 

3. Explosion and expansion. The mixture is exploded and the 
piston is pushed outwards by the expansive action of the gases. This 
is the only working stroke in the cycle. 

4, Exhaust. The piston moves inwards and discharges the 
exhaust products of combustion. This cycle occupies two revolutions 
of the engine shaft. 

In the two-stroke cycle, the whole action is completed in one 
revolution as follows: 

1. Explosion and expansion. The previously compressed charge 
is exploded and expanded behind the piston, which is moving out- 
wards. Towards the end of the stroke, the piston uncovers openings 
in the walls of the cylinder, and the gases exhaust outwards through 
these openings. Immediately afterwards other openings are un- 
covered and the fresh charge is forced into the cylinder. 

2. Compression. The piston now moves inwards and compresses 
the fresh charge. 
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Diagram of a four-stroke cycle.—A typical indicator diagram is 
shown in Fig. 476. AL is a datum line showing atmospheric pressure, 
1 is the charging stroke, in which the pressure falls a little below that 
of the atmosphere. 2 is the compression stroke, at the end of which 


240 


200 


Fia. 476.—Indicator diagram showing the cycle in a gas engine. 


the pressure may be from 50 to 200 lb. wt. per square inch above 
that of the atmosphere, depending on the type of engine. 3 is the 
explosion and expansion stroke. 4 is the exhaust stroke, during 
which the pressure rises slightly above that of the atmosphere. 


Arrangement of a small gas engine.—Referring to Fig. 477, A is a 
cylinder fitted with a piston B which is connected to the crank C by 


Fia. 477.—Outline diagram of a gas engine. 


the connecting rod D. The cylinder is open at the end facing the 
crank, and there is no piston rod. The cycle takes place on the 
left-hand side of the piston only, and the right-hand side of the 
piston is constantly exposed to the pressure of the atmosphere. A 
jacket F surrounds the cylinder, and water circulates in this jacket 
for the purpose of preventing the temperature of the cylinder walls 
from rising too high. Valves are provided for admitting gas and 
air to the cylinder and for exhausting the waste products of 
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combustion. The exhaust valve is shown at E in Fig. 477; the other 
valves are of the same type—mushroom—and are kept closed by 
means of springs; the valves are opened at the proper instants by 
means of levers, operated by cams fixed on a side shaft driven by the 
crank shaft. In Fig 478, F is a cross section of the cylinder, A is 
the exhaust; valve, B is the lever for opening the exhaust valve, and 


Fic. 478.—Exhaust valve and starting gear of a Crossley gas engine, 


C is the cam on the side shaft. The side shaft runs at half the speed 
of revolution of the crank shaft, since each valve is required to open 
once only in two revolutions of the crank shaft. 

The charge in a gas engine consists roughly of one part by volume 
of gas to about eight parts of air. Ignition of the explosive mixture 
may be effected by means of a tube heated externally by a bunsen. 
The interior of the tube is put into communication with the engine 
cylinder near the end of the compression stroke, and the charge 
becomes ignited by contact with the hot walls of the tube. Electric | 
ignition is often used, the charge being exploded by means of an 
electric spark which is passed between platinum points in the cylinder. 
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Steady speed is maintained by’a governor, which may operate either 
by cutting off entirely the supply of gaseous fuel during one or mere 
cycles, air only being drawn into the cylinder, or by reducing the 
supply of gas, thus giving weaker explosions. 


In modern gas engines, about 35 per cent. of the heat available 
in the gaseous fuel is converted into work done on the piston ; about 
25 per cent. passes into the jacket water, and the remaining 40 per 
cent. is carried off by the exhaust gases. This efficiency of 35 per cent. 
is roughly three times the efficiency of a good boiler and steam engine 
plant. The efficiency of internal combustion engines depends to a 
large extent upon the pressure reached at the end of compression, and 
becomes greater as this pressure is increased. 


Fic, 470.—Section of the cylinder of a Hornsby-Akroyd oil engine. 


Oil engines.—A large number of internal combustiom engines: 
using oil fuel operate by converting the oil into vapour and mixing 
the vapour with air so as to form an explosive charge. The mixture 
is then used in the cylinder in the same way as the charge in a gas 
engine. Heavy oils are vaporised by spraying and heating the 
spray ; lighter oils can be vaporised by spraying inte air which is 
only slightly warmed. The heat required for vaporismg may be 
obtained by using some of the heat developed during explosion, or 
from the hot exhaust gases, or from an external lamp. 


Hornsby-Akroyd oil engine.—This engine is a good example of the 
type using heavy oil. A section of the cylinder A is given in Fig. 479 ; 
B is the water jacket and C is the piston. The cylinder is in constant 
communication with a bulb D at the rear end. The portion of the 
bulb near D is water jacketed, being supplied with water from the 
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main jacket through a pipe and regulating cock at F.. The portion E 
has no water jacket, and therefore becomes hot when the engine is 
working. This portion forms the vaporiser, and oil is injected into it 
at the proper time through a small opening at K. The engine will 
not start unless the vaporiser is hot, and a lamp G is provided in order 
that E may be heated before attempting to start the engine ; the flame 
from the lamp is directed on to the bulb E by means of a hood H. 


FIG. 480.—Sectional end elevation of the Hornsby-Akroyd oil engine. 


A cross section of the cylinder is given in Fig. 480. In this view is 
shown a pump G which draws oil fuel from a tank and pumps it into 
the hot bulb. This pump is operated by the lever P, which also 
opens the valve N, through which and the port O air is taken into the 
cylinder. When the lever P is pushed down by the cam on the 
side shaft Q, which happens at the commencement of the suction 
stroke of the piston, a supply of oil is sprayed into the hot bulb, and 
air at the same time enters the cylinder as the piston moves forward. 
The oil becomes vaporised by the action of the hot walls of the bulb 
and mixes with the air in the cylinder. 

D.8.P. 2b 


- 
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During the next inward stroke of the piston, the charge is com- 
pressed, and the degree of compression is so arranged that the charge 
is exploded by the hot walls of the bulb E (Fig. 479) at the instant 
that the compression stroke is completed. The succeeding outward 
stroke of the piston is the working stroke, and is accomplished by 
the expansive action of the gases generated in the explosion. The 
following inward stroke of the piston is the exhaust stroke, and the 
exhaust gases are discharged through the port O (Fig. 480) and a valve 
which is placed near the air valve N, the valve being operated by a 
cam on the side shaft. In Fig. 480, M is a governor which adjusts the 
supply of oil fuel entering the cylinder to meet the demand for power, 
and thus maintains steady speed. It will be noticed that the com- 
plete cycle occupies four strokes. 

In this type of engine, as in the gas engine described on p. 522, 
the heat is added to the working substance whilst the piston is 

` practically stationary ; the volume of the 
working substance is thus nearly constant 
during the operation of taking in heat. Oil 
engines of this kind use about 0-8 pound of 
oil per brake horse-power per hour. 


Diesel oil engine.—The Diesel oil engine 
uses heavy oil, but operates on a different 
plan.. Both the four-stroke and the two- 
stroke cycles are used in this engine. In 
Fig. 481 is shown the section of the cylinder 
A used for the four-stroke cycle. B is the 
piston, and is cooled by circulating water, 
as also is the cylinder. There are three 

ao valves at the top of the cylinder, an air 
cylinder, ot ale iced valve C, an exhaust valve D, both opening 
engine. downwards, and a fuel admission valve E 
opening upwards. All these are operated by cams from a side 
‘shaft. The cycle is as follows: 


_ First stroke, downwards, charging with air only. The air valve C 
is open during this stroke, and air alone is drawn into the cylinder. 
_ Second stroke, upwards, compression. During this stroke, the air 
1s compressed to about 500 lb. wt. per square inch, and the tempera- 
ture rises to about 600° C. 

Third stroke, downwards, admission of fuel and expansion. During 
a small part of this stroke, the fuel valve is opened and oil fuel is 
forced into the cylinder by the action of air which has been com- 
pressed by a pump to a pressure of about 800 lb. wt. per square inch. 


XL DIESEL OIL ENGINE 527 
eee a A 
The compressed air in the cylinder, being at a temperature of 600° C. 
is sufficiently hot to cause the oil fuel to ignite and burn during 
admission. The pressure rises but slightly, if at all, during this 
stage, since the piston is moving downwards, and the rise in tempera- 
ture 1s compensated by the increase in volume. After a small 
fraction of the stroke has been completed, the oil fuel is cut off by 
the closing of the valve E, and the remainder of the stroke is com- 
pleted under the action of the expanding gases. 

Fourth stroke, upwards, exhaust. During this stroke the valve D 


is opened, and the waste products of combustion escape into the 
atmosphere. i 


Kilog./cm 
40 gk 


A ; L 


Fic. 482.—Indicator diagram from a Diesel marine engine. 


The fuel consumption of the Diesel oil engine is very low—about 
0-45 pound of fuel oil per brake-horse-power per hour. The efficiency, 
reckoned on the work done on the piston, is about 40 per cent., or 
reckoned on the useful work which the engine is capable of giving 
out, about 30 per cent. This engine is developing rapidly for marine 
purposes. 

An indicator diagram is given in Fig. 482. From the attached scale 
of pressures, it will be seen that the pressure at the end of the com- 
pression is about 33 kilograms per square centimetre. The shape 
of this diagram should be compared with that for the gas engine, 
given in Fig. 476. 

The Semi-Diesel oil engine is a development from the Akroyd and 
Diesel oil engines. The advantages of the latter are great as regards 
fuel economy, but the pressures required are very high. Lower 
pressures can be employed by having a hot bulb, as in the Akroyd 
engine, and the consumption of oil fuel is still kept low. 
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Fig. 483.—Outline sections of a four-cylinder petrol engine. 


Petrol engines.—Under this heading is included engines using fuel 
oil which does not require to be heated considerably in order to 
vaporise. A set of petrol engines for a motor car is shown in outline 
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in Fig. 483. There are four cylinders A, B,C and D ; the pistons are 
connected to the crank shaft EF, which is furnished with four cranks 
G, H, K, L, arranged as shown. M,N, O and P are the connecting rods. 
The cranks work in a chamber Q, the lower part of which forms a 
tank for holding lubricating oil ; the lower end of each connecting 
rod has a scoop which dips into the oil at the lowest part of the 
stroke ‘and splashes it upwards. The inlet and exhaust valves, one 
of which is shown at R, are arranged side by side, and are operated 
by cams on a side shaft S, which is driven at half the speed of the 
crank shaft. U and V are water jackets surrounding the cylinder ; 
water is pumped through these by a centrifugal pump W, driven 
from the crank shaft. The water after leaving the jackets passes 
through a radiator placed at the front of the car, where air may 
circulate freely round the radiator pipes and thus cool the water. 
Ignition of the charge is accomplished electrically, the current being 
supplied by a magneto machine T driven by the engine. 


Action of the carburettor.—Air charged with petrol vapour is said 
to be carburetted. The principle of a carburettor may be understood 
by reference to Fig. 484. Aisa passage 
leading to the inlet valve on the engine 
cylinder. During the suction stroke of 
the engine, air is drawn through this 
passage, the supply coming from the 
atmosphere through the orifice B. C 
is a pipe of fine bore kept supplied 
with petrol from a small tank D. The 
air rushing past the mouth of C causes 
a jet of petrol to issue and mingle with 
the air. The mouth of B is placed 
fairly close to one of the engine exhaust 
pipes, and the entering air is thus 
warmed slightly, sutficiently to vaporise 
the issuing jet of petrol. The tank D 
is supplied with petrol from the main 
tank on the car through a pipe connected to E. The level in D is 
kept just a little below the mouth of C by means of a float F. 
When enough petrol has entered D, the float rises and pushes the 
levers H, H ; these in turn push downwards a needle valve G and 
close the entrance E. 

Part only of the air supply enters at B, and the remainder is 
sucked through an opening which can be adjusted by means of a 
sliding valve L. Another adjustable valve K, called the throttle valve, 


FIG. 484.—Diagram of a carburettor 
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serves to regulate the quantity of mixture entering the cylinder. 
The quantity of petrol which issues from the jet depends upon the 
speed of the air current past the pipe C, and. does not vary pro- 
portionally with the speed. Too much petrol is taken up at high 
speeds of flow of the air. Hence the necessity for having the valve 
at L, which, when fully opened, reduces the speed of the air entering 
at B. The valve at L is often made so as to be automatic, opening 
against the resistance of a light spring, thus producing an automatic 
carburettor. If the speed of the engine is high, the automatic inlet 
valve at L opens more fully, and vice versa. Ordinary working 
proportions in the working mixture are about 
2 of petrol vapour to 98 of air by volume. 


Engine speeds up to 2000 revolutions per 
minute at full power are common. The 
efficiency of transmission of power from the 
engines to the road driving wheels in a motor 
car is about 70 per cent. on the average. The 
principal resistance at high speeds of the car 
is due to the passage of the vehicle through 
the air, which may amount to 50 per cent. of 
the total resistance. At low speeds the air 
resistance may be as low as 10 per cent. of 
the total resistance. 

The two-stroke cycle—A two-stroke cycle 
petrol engine is shown in outline in Fig. 485. 
ee oe nc y During the upward stroke of the piston A, 

` the charge is drawn into the crank chamber 
B and is compressed somewhat during the downward stroke. Near 
the end of the downward working stroke, the piston uncovers an 
exhaust port D, and the gases commence to rush out of the cylinder. 
Immediately afterwards the inlet port at E is uncovered, and the 
slightly compressed charge enters the cylinder through the passage 
leading from the crank chamber. There is a baffle F on the piston 
which serves to direct upwards the entering charge and partially to 
prevent mixture with the waste gases leaving the cylinder through 
D. The charge in C is compressed during the upward stroke of the 
piston and is ignited at the top of the stroke. Expansion follows 
during the downward stroke. The whole cycle is thus accomplished 
in two strokes of the piston. In Diesel engines working on the 
two-stroke cycle, a separate pump driven by the engine is used to 
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compress slightly and deliver the charge to the cylinder. It is 
evident that, since an explosion occurs every revolution, more power 
can be obtained from a two-stroke engine than from an engine of 
the same size and speed working on the four-stroke cycle. 


Horse-power of an internal combustion engine.—The indicated- 
horse-power of a gas, or oil, engine may be obtained from the indicator 
diagram in the same way as that employed for steam engines (p. 510), 
the only difference being that the number of explosions per minute 
is used instead of the number of strokes. 


Let Pm=the mean pressure obtained from the indicator 
diagram, in lb. wt. per sq. in. 
A=the area of the piston, in sq. in. 
L=the length of the stroke, in feet. 
E =the number of explosions per minute. 
_ PmALE 
~ 33000 
The indicator diagrams obtained from internal combustion engines 
working under given conditions often show considerable variation, 
and thus there is difficulty in obtaining the indicated-horse-power 
accurately. For this reason it is customary to rate internal com- 
bustion engines by stating the brake-horse-power, which can be 


determined accurately by experiment in the manner described 
on p. 513. 


Then LAP. 


EXERCISES ON CHAPTER XL. 


1. Describe with reference to an indicator diagram each of the strokes 
in a four-stroke cycle internal combustion engine. 


2. Describe how the four-stroke cycle is carried out in the cylinder 
of a gas engine. What is the object of the water-jacket ? “Show by a 
sketch how one of the valves is operated. 


3. The cylinder of a gas engine is 6-69 inches in diameter and the piston 
has a stroke of 1-187 feet ; the engine runs at 188 revolutions per minute. 
In a test, the mean pressure from the indicator diagram was 69-3 lb. wt. 
per square inch and there were 76 explosions per minute. Find the indi- 
cated horse-power. 


4. In the gas engine test given in Question 3, find the brake-horse-power 
from the following particulars: Diameter of the brake wheel, 4-719 feet; 
load, 103 lb.; pull of the spring balance, 39 lb.; revolutions per minute, 188. 


5. In the gas engine test given in Questions 3 and 4, the consumption 
of gas was 22-1 cubic feet per indicated-horse-power per hour. If the 
heating value of the gas is 300 lb.-deg.-Cent. per cubic foot, what percentage 
of the heat supplied in the gas is converted into work done on the piston ? 


+ 
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6. Describe briefly how the oil fuel is prepared for entering the cylinder 
in engines using (a) heavy oil, (b) light oil. 
7. Describe briefly the action in an Akroyd oil engine. 


8. Give a brief description of the Diesel oil engine, explaining the 
various points in the cycle. 


9. Give a short general explanation of the mode of working in a petrol 
engine. 


10. Give a short account of the two-stroke cycle. Illustrate your 
answer by an outline sketch. 


11. An oil engine gave 6-2 brake-horse-power for an oil consumption of 
5-64 pounds of oil per hour. If the heating value of the oil is 10,500 lb.-deg.- 
Cent. units, what percentage of the heat supplied in the oil is converted into 
useful work ? 


12. The piston in a Diesel oil engine is 52 cm. in diameter and has a 
stroke of 90 cm. The mean pressure from the indicator diagram was 
7-2 kilograms per square centimetre, and the speed was 112 revolutions 
per minute. Find the indicated-horse-power. The engine works on the 
four-stroke cycle and there is a working stroke every two revolutions. 


13. In Question 12, the complete sets of engines have twelve similar 
cylinders, and the engines drive a ship on a voyage lasting 144 days. If 
the oil fuel consumption is 0-42 pound per indicated-horse-power per hour, 
find how many tons of oil are burned on the voyage. 


_ 14. Give some instances of the conversion ot mechanical energy into 
heat, and also some instances of the conversion of heat into mechanical 
energy. 


15. What are the essentials of a heat-engine, and what is the theory 
of its action ? 

Illustrate your answer by reference to some one type of heat-engine 
actually used. Adelaide Univ. 
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TABLES OF PROPERTIES OF AQUEOUS VAPOUR.* 


Boiling points of water at pressures near standard atmospheric pressure. 


The pressures are given in mm. of mercury at 0° C. at the sea level in latitude 45°. 


Pressure 
mm. 


| 743 
| 744 


Temp. 


degree C. 


Pressure| Temp. 
mm, | degree C. 
745 99-44 
746 48 
747 52 
748 -56 
749 59 
759 63 
751 67 
752 -70 
753 “74 
754 -78 
755 -82 
756 85 


|Pressure 


mm. 


757 
758 
759 
760 
761 
762 
763 
764 
765 
766 
767 
768 


Temp. 
degree C. 


Pressure 
mm. 


769 
770 
771 
772 
773 
774 
775 
776 
777 
778 
779 
780 


Tomp | 
degree C. 


Pressure of Saturated Water Vapour, from 0° to 100° C., in mm. of mercury. 


Temp. 
C. 


Oone NUNO 


Pressure 
mm. 


Pressure 
mm. 


25:13 
26-65 
28-25 
29-94 
31-71 
33°57 
35°53 
37:59 
39:75 
42-02 
44-40 
46:90 
49-51 
52-26 
55-13 
58:14 
61-30 
64:59 
68-05 
71-65 
75°43 
79-37 
83-50 
87-80 
92-30 


Temp. | 
C. 


Constants, by Kaye and Laby (Longmans). 


Pressure 
mm. 


96:99 
101-9 
107-0 
112-3 
117-8 
123-6 
129-6 
135-9 

-142-4 
149-2 
156-3 
163-6 
171-2 
179-1 
187-4 
195-9 
204:8 
214-0 
223-6 
233°5 
243:8 
254-5 
265-6 
277-1 
289:0 


* For fuller tables of aqueous vapour pressures, see Physical and Chemical 


Pressure 
mm. 


301:3 
314-1 
327:2 
340:9 
355-1 
369-7 
384-9 
400:5. 
416-7 
433-4 
450-8 
468-6 
487-1 
506-1 
525-8 
546-1 
567-1 
588-7 
611-0 
634-0 
657-7 
682-1 
707:3 
733:3 
760-0 
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Properties of Saturated Steam. (Centigrade Units.) * 


PRESSURE. VOLUME. HEAT Units PER Unit Mass. 
Temp. — Cubic ft Te yp aa aaa eee 
aes: Breas Lb. wt. per | Cubic metres ae Of Latent 

` | per sq. cm. sq. inch. |per kilogram.| pound, | Water. heat. 
ors 0-0063 0-089 204-97 3283 0 594-7 
5 0:0089 0-127 146-93 2353°6 5:0 592-1 
10 0:0125 0-178 106-62 1707-9 10-0 589-4 
15 0:0173 0:246 78:23 1253-2 15:0 586-8 
20 0:0236 0:336 58:15 931-48 20-0 584-1 
25 | 0-0320 0:455 43-667 699-48 25-0 581-5 
30 0:0429 0-610 33-132 530-72 30-0 578-8 
35 0:0569 0-809 25°393 406-76 35-0 576-1 
40 0:0747 1-06 19-650 314°77 40-1 573-4 
45 0:0971 1-38 15:346 245-82 45-1 570-7 
50 0-125 1:78 12-091. 193-68 50-1 567-9 
55 0:160 2°28 9-607 153-89 55-1 565-2 
60 | 0202 2-88 7:695 123-26 60-1 562-4 
65 0:254 3°61 6-211 99-49 65:2 559-6 
70 0:317 4:51 5:050 80-89 70-2 556-8 
75 0:392 5:58 4:1353 66°24 75:3 553-9 
80 0:482 6-86 3:4085 54:60 80-3 551-0 
85 0:589 8-38 2-8272 45-2 85:3 548-1 
90 0:714 10:16 2:3592 37°79 90-4 545-2 
95 0:862 * 12-26 1:9797 31:712 95-5 542-2 
100 1:033 14:70 1-6702 26:754 100-5 539-1 
105 1:232 17:52 1-4166 22:692 105:6 536-1 
110 1:462 20:79 1:2073 19:339 110:7 532-9 
115 1:726 24:55 1:0338 16:560 115-8 529-8 
120 2:027 28:83 0:8894 14:247 120:9 526-6 
125 2:371 33°72 0:7681 12-304 126-0 523-3 
130 2:760 39:26 0:6664 10-675 131-1 520-0 
135 3:200 45-51 0:5800 9-291 136-2 516-6 
140 3:695 52°56 0:5071 8:123 141:3 513-2 
145 4-248 60:42 0:4450 7:128 146-4 509-7 
150 4:868 69:24 0:3917 6:274 151:6 506-2 
155 5:557 79-04 0:3460 5-542 156-7 502°6 
160 6-323 89-93 0:3065 4-910 161:9 498-9 
165 7-170 101-98 0:2724 4:363 167-1 495-2 
170 8:104 115-27 0:2429 3-891 172-2 491-4 
175 9-131 129-87 0:2171 3:478 177-4 487-6 
180 10:258 145-90 | 0:1945 3-116 182-6 483-7 
185 11-491 163-44 0:1748 2-800 187:9 4798 
190 12:835 182-56 = 0-1575 2:523 193-1 4757 
195 14:300 203:4 0:1423 2-279 198-3 471-7 
200 15:89 226-0 0:1288 2-063 203-6 467-5 
205 17-61 250:5 ~ 0:1170 1:874 208:9 463-3 
210 19:49 277:2 0:1063 1-703 214-1 459-1 
15 21:57 306 8 0:0965 1:546 219-4 454-7 


* Taken by permission from The Steam Engine and Other Heat Engines, by 
Sir Alfred Ewing. (Camb. Univ. Press.) 


See also Revised Callendar Steam Tables (1931) (Edward Arnold & Co.) for 
recent values up to 4000 lb. wt. per sq. inch. 


PART III 
LIGHT 


CHAPTER XLI 


PROPAGATION OF LIGHT 


Radiation.—In Chap. XXIX it was seen that all surfaces emit 
radiation ; its absorption, reflection and transmission by various 
substances were considered, and its detection and measurement 
were touched upon. Such instruments as the blackened bulb, or 
the thermopile (p. 381) measure the total radiant energy absorbed. 
Consider the temperature of a body to be gradually raised; as the 
temperature of the emitting surface rises, the total radiation increases, 
but its character also changes. Although at this stage the change 
in character in the radiation cannot be discussed in any detail, still 
the eye tells us that there is some change. 


Consider an iron ball in a dark room ; it cannot be seen ; but, if 
its temperature be raised, it becomes luminous, appearing a dull 
red. At a higher temperature it becomes bright red, and finally 
white at the highest temperatures, when it is said to be & white hot.” 

The hot iron is a source of light. Other sources of light are the 
candle, the electric incandescent lamp, the arc lamp, etc., in all of 
which cases the light is emitted on account of the high temperature 
of some substance. The character of the light depends upon the 
temperature of the source, but we are not here concerned with this ; 
attention will be devoted to the laws of propagation of this radiation 
which produces vision, and is called light. The study of light is 
sometimes called optics. E” d 

Propagation in straight lines.—That light travels in straight lines 
is a fundamental law without which there would be no such study 
as optics ; in fact, we should not “see” anything at all; we should ~ 
merely be conscious of brightness or darkness, and no object would 
appear to our eyes to have any definite shape. Vision in this respect 
would resemble hearing. The following simple experiment demon: 
strates the rectilinear propagation of light. 
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Expr. 111.—Rectilinear propagation of light. Place a candle, or other 
source of light, behind a cardboard screen A (Fig. 486) having a small 
hole in it. In front of A place similar screens B and C, and adjust their 
positions so that the eye situated at E can see the source of light S. Then 


S 


A 


Fia. 486.—Experiment illustrating rectilinear propagation of light. 


SE will be found to be a straight line. If any one of the screens be slightly 
moved so that the holes are no longer in line, the source can no longer 
be ‘seen by the eye at E. In fact the best test that the holes are in a 
straight line is that light will pass through them all and that the source 
can be seen. 


Ray and beam of light.—Light is of the nature of a wave motion, 

arising at the source of light and advancing forwards through the 
transparent medium. A line drawn in the direction in which this 
wave motion is travelling is called a ray. Thus a ray is only a 
useful convention and has no physical existence; for if we were 
to attempt to cut down a wave to an extremely narrow path, it 
is characteristic ‘of wave motion that the wave would cease to 
be propagated in one single direction; it would spread out. For 
waves to be propagated unchanged in form they must be of 
considerable size. Such a wave would be called a beam of light. 
When all the rays defining the beam are parallel, it is called a 
parallel beam, SA (Fig. 510); when the rays approach each other, it 
is a convergent beam (Fig. 535); and when they are separating, it is 
a divergent beam (Fig. 536). 


Shadows.—The simplest result of the straight-line propagation of 
light is the production of shadows, and indeed the production of sharp 
shadows is a proof of rectilinear propagation. Thus, a very small 
source of light S (Fig. 487) will illuminate all points of the screen 
above A and below B ; but between A and B there is complete shadow, 
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since the light from S is stopped by the opaque body C. The boun- 
dary AB of the shadow is very sharply defined and has the shape of 


the contour of the opaque body 
as seen from S. 

As a rule, the luminous source 
is not very small, so that the 
shadow has not a sharp boundary. 
In Fig. 488 the parts of the sereen 
beyond A and B are fully illu- 
minated. Within C and D there 
is complete shadow, but in the 
intermediate regions there is only 
half shadow, fading gradually from 
dense shadow at C and D to no 
shadow at A and B. 

A third case presents itself when 


FIG. 487.—Shadow due to a point source 
of light. 


the source of illumination is larger than the body casting the shadow 
{Fig. 489). The only region of complete shadow is a cone CDE, and 


Fic. 488.—Shadow when source of light is not a point. 


if a screen be placed at A, there will be a small region of dense 
shadow surrounded by a large region of half shadow, but if the 
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F1a. 489.—Shadow with source of considerable size. 


screen be placed at B, there will be no complete shadow, merely a 


large, diffuse half shadow. 
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Expr. 112.—Shadows. Cut a hole of 10 cm. diameter in a sheet of card- 
board, and cover the hole with oiled paper. Behind this place the brightest 
source of illumination available. In front of the sheet place a circle of 
cardboard of 20 cm. diameter ; observe the shadows produced on a neigh- 
bouring wall. Replace the 20 cm. circle by one of 5 cm. diameter and 
note that the shadow as at A or at B may be obtained Oe 489), according 
to whether the screen is at A or B. 


Eclipses.—An example of shadows on an astronomical scale 
occurs in the case of eclipses. It sometimes happens at new moon 
that the shadow of the moon falls upon the earth, in which case 
the sun is wholly or partially obscured by the moon, and we get an 
eclipse of the sun. In Fig. 490, some locality A, on the earth E, 
falls within the shadow of the moon my, and there is an eclipse of 
the sun S. Owing to the variations in the distances of the moon 


Frc. 490.—Eclipses. 


and sun from the earth, the apparent diameter of the moon (the 
angle subtended by it at the earth) varies between 28’ 48” and 
33’ 22”, and the apparent diameter of the sun varies between 31’ 32” 
and 32’ 36”. Hence the moon sometimes appears from the earth 
to be larger than the sun, and sometimes smaller. If it has a larger 
apparent diameter than the sun at the time of an eclipse, the eclipse 
may be total. If, on the other hand, the moon’s apparent diameter 
is less than that of the sun, the sun’s disc does not appear to be 
entirely obliterated, and the eclipse is said to be annular. — 

When the earth, moon and sun are not exactly in line a partiai 
eclipse may result. Sometimes, at full moon, the moon: m, passes 
through the earth’s shadow, in which case there is an eclipse of the 
moon. ‘The relative sizes and distances are not drawn to scale in 
Fig. 490. 


Pin-hole camera.—A screen with a hole in it, placed in front of 
a source of light, gives an arrangement which is really the converse 


A 
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of that which produces a shadow. With a candle AB and a screen 
having an aperture © (Fig. 491), narrow beams of light from the 
different points of the candle pass through the aperture and. fall- 
on a second screen: at points such as a and b. The whole of these 
bright points build up into a representation, or image, of the candle, 
more or less perfect according 
to circumstances. Thus, if 
the pin-hole is small, each 
point of the candle is repre- 
sented by a very small patch 
of light at the image, which is 
then sharp and well defined. 
If, however, the hole is large, 
there is considerable over- 
lapping of the patches and 
the image is blurred, although 
bright, the amount of light 
passing through the hole being 
great. Further, the image is 
inverted, since all the beams 
cross at C. It will also be noted from the geometry of Fig. 491 
that the size of the image is proportional to its distance from the 
pin-hole. If the screen ab be moved nearer to the pin-hole, the 
image will become smaller and brighter, but it will be noted that 
it becomes more. blurred, owing to the increased overlapping of 
the patches of light. 


FIG. 491.—Pin-hole camera, 


Expr. 113.—Pin-hole camera. Obtain an ordinary cardboard box; 
remove one side or end and replace it by a sheet of oiled paper, or ground 
glass. Make a pin-hole in the side furthest from the oiled paper. On 
pointing this hole towards the brightly illuminated window of a room, 
an inverted image of the window and all bright objects near it will be 
seen on the oiled paper. 


Transparence, opacity, translucence.—The terms ‘ transparent’ 
and ‘opaque,’ as applied to bodies, have been used already, and 
they may now be defined more exactly. A transparent body is one 
which will transmit light according to the straight-line law, whereas 
a body is opaque when it will not transmit light at all. The terms 
are really only relative, as materials usually considered to be trans- 
parent, such as glass, absorb some light when a beam traverses 
them. On looking through a thick block of glass at a bright object, 
it will be seen that the brightness is much reduced, and generally 
tne emergent light is of a greenish blue colour. Thus a sufficient 
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thickness of glass would transmit hardly any light. On the other 
hand, bodies so opaque as the metals will, if sufficiently thin, transmit 
an appreciable amount of light. Gold may be obtained in such 
thin layers, in the form of gold leaf, that light will pass through, 
and the transmitted light is of a deep green colour. 

Substances such as oiled paper, ground glass, etc., transmit hght, 
but not in straight lines. They are said to be translucent. Light 
in passing through them is scattered, and such substances may be 
used as screens on which to project optical images. Incandescent 
lamps often have frosted or translucent bulbs, to diffuse the light 
from the hot filament. 

Vision.—The phenomena external to the eye, occurring in the 
process of vision, will alone be considered. If light proceeding from 
a luminous point enters the eye, the point is the apex of a divergent 


Fie, 492.—Vision of a point source. 


beam, or cone of rays, the pupil of the eye being the base of the 
cone. Whenever such a cone of rays enters the eye (Fig. 492), the 
eye sees a bright point at the apex of the cone. Each point of a 
luminous source acts as an emitting point, and the eye sees the 
‘source as a collection of points so close together as to give the impres- 
‘sion of uniformity. 


Bodies which are not self luminous are not visible unless light 
falls upon them and is scattered in all directions. Each point then 
behaves like a luminous source. A beam of light is not visible, but 
may render material objects visible; thus the path of a beam of 
‘sunlight is often rendered evident by the dust particles scattered 
‘init. The eye sees the dust particles, not the beam of light. 


EXERCISES ON CHAPTER XLI. 


1. Explain, giving examples, why you believe that light travels in 
-straight lines. 


2. Describe, with a diagram, the form of the shadow of a square piece 
-of paper, cast by an incandescent lamp on to a wall, with the square half- 
way between the lamp and the wall and parallel to the wall. 


3. Explain the production of solar and lunar eclipses, and distinguish 
«between the various kinds of solar eclipse that may occur. 
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4. If the sun’s diameter be 400 times that of the moon, and if the 
distance of the sun from the earth is 93,000,000 miles, find whether the 
eclipse of the sun will be total or annular when the moon is at a distance 
of 238,000 miles from the point of observation on the earth ; earth, moon 
and sun being in one straight line. 


5. Describe the pin-hole camera. Find the height of the image pro- 
duced by a man whose height is 6 ft., when his distance from the pin-hole 
is 15 ft., and the distance from the screen to the hole is 6} inches. 


6. A candle flame 2 cm. high is placed at a distance of 15 cm. from a 
pin-hole in a screen. Find the size of the image when a screen is placed 
25 cm. and 80 cm. respectively from the hole. 


7. Explain how the brightness and definition of an image produced 
by a pin-hole vary with the distance of the screen from the hole. 


8. A disc of diameter 4 cm. is parallel to and is situated at a distance 
of 7 cm. from a luminous disc of diameter 9 cm. Give a drawing of the 
arrangement and find the length of the cone of perfect shadow. 


9. Describe carefully the formation of an image by the pin-hole camera. 
What is the effect of varying (a) the shape, (b) the size, of the hole ? 


10. A small circular object is placed near a large luminous sphere. 
Describe the changes in the appearance of the shadow of the small object 
as a screen is brought up from a distance. 


CHAPTER XLII 


ILLUMINATION AND PHOTOMETRY 


Sensation of brightness.—Everyone is sensible of the differences 
of illumination at various times and places, but is quite unable to 
give any numerical relation between these illuminations. The 
reasons for this are, in the first place, that the eye is incapable of 
quantitative estimation ; and secondly, that it unconsciously adapts 
itself to various illuminations, by widening or contracting the pupil 
to receive more or less light, according to whether the surroundings 
are badly or intensely illuminated. For these reasons, other methods 
of measuring illumination must be devised, and several preliminary 
definitions and laws must be considered. 

Intensity of illumination.—The amount of light falling perpendi- 
cularly upon unit area of any surface in one second is taken to be 
the intensity of illumination of that surface. There is no means of 
determining this quantity in absolute measure, for, as has been noted 
above, the eye fails us; and even if the total radiant energy were 
measured, this would not represent illuminaticn, as the eye might not 
be sensitive to this radiation. Nevertheless, this idea of intensity of 
illumination is useful, and intensities of illumination may be compared 
by several means. 

Law of inverse squares.—It is common experience that at great 
distances from a source of light the intensity of illumination is less 
that at points near it. The rate at which the intensity of illumination 
diminishes, as the distance from the source increases, follows from 
the fact that light travels in straight lines. 


Consider a point source of light S (Fig. 493). The rays proceed 
from S in all directions, and a small screen placed at A will cast 
a shadow. If now a screen be placed at B, of exactly the same size 
and shape as the shadow at B, then on removing A, the light that 
originally fell on A will fall on B. If the distance SB is twice SA, we 
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know from geometry that the area of the screen B is four times that 
of A, and hence the intensity of illumination at B is one-quarter of 
that at A, because the same amount of light falls on four times the 
area. Similarly, if SC is three times SA, the intensity of illumination 


FIG. 493.—Illustration of the law of inverse squares. 


at C is one-ninth of that at A, and so on. In general, since the area 
of any perpendicular section of the pyramid SABC is proportional to 
the square of the distance of the section from S, the amount of light 
per unit area is inversely as the square of the distance. Hence the 
intensity of illumination due to a point source of light varies inversely as 
the square of the distance from the source. Although ordinary sources 
of light are not points, yet at considerable distances they may be 
treated as such. 

Expt. 114.—Law of inverse squares. Cut three cardboard squares, the 
sides of which are respectively, 5, 10, and 15 cm., whose areas are therefore 
in the ratios 1,4, and 9. Place one square near a candle flame and adjust 
the other two so that the shadow of the first falls exactly on them. Measure 
their distanges from the candle, when they will be found to be in the 
ratios 1: 223. 


Illuminating power of a source.—Having defined what is meant 
by intensity of illumination, the illuminating power of a source may 
be given in terms of it. The illuminating power of a source is the 
intensity of illumination it will produce at unit distance. For a 
luminous point, this definition presents no difficulty, as the radiation 
of light takes place uniformly in all directions, but for an actual 
source, such as an electric lamp, the radiation is often far from 
uniform. However, the illumination in any given direction is 
quite definite, and the illuminating power in this direction is defined 
as above. The illuminating power due to a carbon filament lamp 
is greatest in a direction perpendicular to the plane of the filament 
and least in the ‘end on’ position. The metal filament lamp has 
usually a uniform illumination in directions at right angles to the axis 
of the lamp, but is very much less along the axis. 
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If the illuminating power of a lamp be P, this is the intensity of 
illumination at unit distance, so that, by the inverse square law, the 
intensity of illumination I at distance d, is P/d*, or 
P 
a 

Photometers.—In order to compare the illuminating powers of 
two sources, the principle always made use of is that of adjusting 
their distances from a screen until they both produce the same 
intensity of illumination at the screen. Thus if P, and P, are the 
illuminating powers of the sources, and d, and d, their distances from 
the screen when they produce equal illuminations, then 


I= 


There are many devices for carrying out the required adjustment, -> 
but they nearly all depend upon illuminating one part of the screen by 
one source, and another part by the other source. The eye can then 
detect any inequality in the two illuminations, and the adjustment to 
equality can be made by varying the distance of one or other of the 
sources. 
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FIG. 494.—Shadow photometer. 


Rumford’s shadow photometer.—Two sources, such as a lamp and 
a candle, are placed upon an optical bench, as shown in Fic. 494. and 
a vertical rod A is placed in front of a white screen, so that two sharp 
shadows are cast, one of which is illuminated only by the lamp and 
the other by the candle. The positions of the lamp and candle 
are adjusted until the shadows are equally intense, and the distances 
BC and BD are then measured. From the relation 
P(lamp) BD? 
P(candle) BO? 
the ratio of the illuminating powers can be found. 
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5 Expr, 115.—Shadow photometer. Place a candle and a lamp in the posi- 

tions shown in Fig. 494. Keep one of them fixed and move the other about 

until the shadows are equally intense, making six trials and taking the 

mean position. Repeat at four different distances; in each case, calculate 


the illuminating power of the lamp in terms of that of the candle, in other 
words, find the candle-power of the lamp. 


Bunsen's grease-spot photometer.—If a piece of plain paper have 
a spot of oil or grease in the middle of it, the grease spot is more 
translucent than the rest of the paper. On holding the paper up 
to the light, the grease spot will appear brighter than the rest of the 
paper because more light passes through it, and reaches the eye, than 
passes through the rest of the paper. For exactly the same reason, 


FIG. 495.—Grease-spot photometer. 


on placing the eye on the same side of the paper as the source, the 
spot. appears dark on a bright surrounding. In the grease-spot 
photometer, the screen, consisting of a piece of cardboard having a 
hole in it covered with oiled paper, is placed between the two sources 
of light to be compared. Its position is altered until the appearance 
of the screen is the same on both sides. It is then considered that 
both sources produce the same intensity of illumination at the 
screen. The distances are measured, squared, and the ratio taken 
as before. To enable both sides of the screen to be viewed at the 
same time two mirrors A and B (Fig. 495) are placed one on either 
side of the screen. 


Expr. 116.—Grease-spot photometer. Make a similar set of readings 
to that described in Expt. 115. In this case adjust the grease-spot screen 
until the appearance of both sides is the same. Reduce the readings in 
the same manner and compare the candle-power of the lamp found in 
both Expts. 


Lummer-Brodhun photometer.—In the last two experiments the 
adjustments cannot be made with great accuracy, and the 
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determinations do not give constant value for the candle-power of the 
lamp. A much better form of photometer is the Lummer-Brodhun, 
shown in Fig. 496. Light from the two sources S, and So, to be 
compared, falls on the sides A and P of a milk-white screen. The 
optical arrangement is merely a 
device for comparing the intensities 
‘of illumination upon the two sides 
AandP. Light from P is reflected 
at Q, and passes through the glass 
blocks R and C where they are in 
contact in the middle. Light from . 
A is reflected at B, and again at the 
surface of C where the two blocks 
R and Care not in contact. On 
looking through the telescope T the 
central part of the field of vision 
is illuminated by light PQR passing 
through the middle part, and the 
outer portions by light ABC reflected 
A at C. This process will be better 
Fig. 496.—Lummer-Brodhun phote-. ynderstood on reading Chap: XLV., 
; + a where total reflection is dealt with. - 
It is found that this photomcter is very sensitive to inequalities of 
illumination at A and P, and hence when the two parts of the field, 
as seen in the telescope, appear equally illuminated, an accurate 
measure of the candle-power can be obtained from the measured 
distances of the sources from the screen AP. 


Standards of illumination.—The first light standard to be em- 
ployed was the standard candle. This is defined by law to be a 
candle of spermaceti, of which six weigh one pound, the candle 
burning at a rate of 120 grains per hour. This standard, although 
useful for rough purposes, is not of sufficiently constant illuminating 
power to be of any scientific value. Its illuminating power varics 
with the condition of the atmosphere, and various candles differ 
- slightly one from another. 


A far more trustworthy standard is the Harcourt Pentane lamp, in 
which air is drawn over pentane liquid, the mixture being burnt in 
a standard burner, and the flame adjusted to a definite height. 
Corrections may be applied when the atmospheric conditions vary 
from the normal. The illuminating power of such a lamp is about 
equal to that of ten standard candles, but as its illumination is much 
ee than that of a candle, it is adopted as an International 

andard. | 
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An International Candle-power is defined as an illuminating power 
equal to one-tenth of that of the Harcourt pentane lamp. 

In Germany the Hefner lamp is used as a standard. It is a lamp 
constructed after a standard pattern, in which amyl-acetate is burnt. 
The Hefner standard is equal to 0-9 International Candle. 

The French, standard is the Carcel lamp, in which colza oil is burnt. 
The Carcel standard is equal to 9-62 International Candlc;. l 

The lumen and the lambert.—If a point source of light radiates 
uniformly and is of 1 candle-power, the luminous flux per unit solid 
angle is called one lumen. The whole solid angle round a point being 
4, the total luminous flux from a point source of candle-power P, is 
47P lumens. The brightness of a surface in any direction is the flux 
in lumens issuing from an area of the surface which has a projection 
of 1 sq. em. at right angles to the direction. The unit of brightness 
is called the lambert. = > ; 

Practical illumination.—Although the definition of intensity of 
illumination given on p. 544 has served a.useful purpose in enabling 
us to expres,’ illuminations and illuminating powers in definite terms, 
still it is useless for practical purposes, as we have no measure of 
“ quantity of light.” In the consideration of the illumination of 
rooms and public places, the intensity of illumination produced by 
a standard candle at a distance of one foot has been adopted, and is 
called the Foot-candle. The appropriate illumination of a book 
for comfortable reading is about 3 foot-candles. Hence if a 32 
candle-power lamp be employed, it should be situated at auch a 
height from the book that the intensity of illumination at the book 
is 3 foot-candles. | 


Thus Banoo : fe 


pe d= g= feet. 

This of course implies that all the light received comes directly 
from the lamp, as, for example, if the lamp were situated out of doors 
at night. In aroom, a great deal of the light does not come directly 
to the book but is reflected from the ceiling and walls. The intensity 
of illumination in this case depends largely upon the nature of the 
walls and ceiling, whether light or dark. It may be taken as the 
result of experience that the reflection from the ceiling and walls 
amounts to something between 2 to 4 times the light received directly, 
according to whether they are dark or light. An empirical rule 
which serves as a rough guide to the candle-power required, is, to 
multiply the area of floor by the illumination required and by the 
fraction (light received directly/total light received). Thus, for a 
reading room having floor 15 ft. x 10 ft., the area is 150 sq. ft. For 
an illumination of 3 foot-candles, 150 x 3 x 1/5 candle-power, would be 
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requisite. Assuming that the walls and ceiling are light, one-fifth of 
the illumination is direct and four-fifths indirect (by reflection). 
The necessary candle-power of the lamp would be 90 c.p. Thus one 
100 c.p. lamp, or three 30 c.p. lamps would be suitable. For a 
dwelling room 2 foot-candles is sufficient illumination, and the 
requisite candle-power in this case would be 60. This consideration 
points out how inadequately many houses are lighted, which in these 
days of high efficiency electric lamps is unfortunate. 

Although the foot-candle is the unit of intensity of illumination 
usually employed in this country, it is desirable for many reasons 
to use the more scientific unit, the candle-metre, which is the intensity 
of illumination produced by a standard candle at a distance of one 
metre. Thus one candle-metre is equal to 0-305%=0-093 foot- 
candle. Hence a foot-candle is approximately equal to 10 candle- 
metres, and a suitable intensity of illumination of the surface for 
comfortable reading would be about 30 candle-metres. 


EXERCISES ON CHAPTER XLII. 


1. Describe what is meant by ‘intensity of illumination’ and ‘ illumi- 
nating power.’ 


2. Describe the shadow photometer, explaining the difficulties which 
occur in comparing the illuminating powers of two sources of light. 


3. Describe some form of photometer which may be used for the 
accurate comparison of the illuminating powers of two sources of light, 
and the measurements you would make in order to determine the average 
candle-power of an incandescent lamp, taking account of the fact that 
the light is not emitted equally in all directions. 


4. If gas costs 2s. 6d. per thousand cubic feet, and electricity costs 3d. 
a unit, find the relative costs of lighting if a 60 c.p. gas burner uses 3 cubic 
feet per hour and a 50 c.p. electric lamp uses 2 units in 40 hours. 


5. Describe an experiment to determine the candle-power of an electric 
lamp, explaining how and why the required calculation would be made. 

If the intensity of illumination produced on a screen 20 m. from an 
arc-lamp is equivalent to that of 1-2 candles at 50 cm. what is the candle- 
power of this lamp ? ; L.U. 


6. What is meant by candle-power ? Two lamps of 32 and 16 candle- 
power are placed 100 cm. apart. Find the positions on a line joining 
them where a screen would be equally illuminated by these two lamps. 
How would you determine these pesitions experimentally. ?. ELU 


__ 7. Two sources of light, each 2 candle-power, are placed on the same 
side of a Bunsen grease-spot photometer. One is at a distance of 1 foot 
from the spot and the other at 2 feet. Where must a third source of 5 
candle-power be placed in order that the appearance of each side of the 
photometer may be the same ? L.U. 


8. Explain the term ‘foot-candle.’ Find the total candle-power 
necessary to illuminate a room whose floor measures 15 ft. by 9 ft., whose 
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walls and ceiling are light coloured, if the room is to be used as a reading 
room. 


9. Explain the principle of the grease-spot akr. If the two 
sides of the photometer look alike when the distances of the sources are 
1 foot and 4 feet, what should be the distance of the fainter source when 
the brighter is 8 feet distant ? 


10. Describe some method of measuring the candle-power of a lamp. 

A lamp produces a certain intensity of illumination at a screen when 
situated at a distance of 85 cm. fromit. On placing a sheet of glass between 
the lamp and the screen the lamp must be moved 5 cm. nearer to the 
screen to produce the same illumination as before. What percentage of 
light is stopped by the glass ? EU: 


ll. Find the candle-power necessary to light a room whose floor 
measures 7:5 m. by 3:5 m., the intensity of illumination required being 
25 candle-metres, and three- -quarters of the light received being reflected 
light. 

12. Give an Saou of some of the standards of illumination in practical 
use. 


13. Describe an accurate form of photometer and explain how you 
would use it to prove experimentally that the illumination from a source 
of light falls off with increasing distance according to the inverse square 
law. L.U. 


14. Describe a practical standard of illuminating power and a method 
whereby the powers of two sources of light may be compared. L.U. 


CHAPTER XLIII 


REFLECTION 


Laws of reflection.—A beam of light in a homogeneous medium 
travels forwards, the disturbance progressing in one direction only ; 
__ but when the beam passes from one medium to another, some of 

- the light is reflected, or bent back. At the surface of polished metals 
iy. all the light is reflected. This reflection occurs in accordance 
with two definite laws : l 

First law of reflection—The incident ray, the reflected ray, and 
the perpendicular, or normal to the surface, lie in one plane. 

Second law of reflection—The angle of incidence is equal to the 

angle of reflection. s- 


In Fig. 497 if the reflecting surface is plane and perpendicular 

to the paper, it may be represented. by the line EF. The normal DB 

is then in the plane of the paper, and 

D if the incident ray AB be in this plane, 

the first law states that the reflected 

ray BC will also be in the plane of the 
paper. 

The angle of incidence ABD is that 
between the incident ray and the 
E B F normal to the reflecting surface. It 
Fig. 497.—Diagram illustrating laws jẹ convenient to consider this angle 

of reflection. 
rather than the angle ABF between 
the ray and the reflecting surface, as will be seen when we deal 
with curved reflecting surfaces. According to the second law of 
reflection, the angle DBC, which is known as the angle of reflection, is 
equal to ABD. 

There is no such thing as ‘ irregular reflection.’ If the surface is 
not plane, the reflected rays will have various directions. and the 
light will be scattered. At each point the laws of reflection are 
obeyed. Thus when the surface is rough, the reflected light is 
scattered or diffused. 
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Demonstration of the laws of reflection.—One of the most con- 
venient pieces of apparatus for demonstrating many of the optical 
laws is the optical dise (Fig. 498). A beam of light passing through 
a slit A falls upon a plane mirror B. This mirror is fixed to a 
graduated circle which can be rotated about an axis at B, so that 
the angle of incidence ABO 
can be varied, and may be 
read on the circular scale. 
The reflected beam tra- 
verses the path BD, and 
the angle of reflection OBD 
can be observed. It will 
be found that the angles 
of incidence and reflection 
are always equal. 

It should be noted that 
it is difficult to prove the 
first law of reflection by 
direct experiment. A little 
thought, however, wiil con- 
vince us of its necessity ; 
for it is common experience 
that a beam of light re- 
flected at a plane mirror is 
reflected as a parallel beam, 
that is, it does not spread 
out in all directions. Thus, 
if the reflected beam weré 
not in the plane containing Fig. 498.— Optical disc. 
fig cident ray and the (A. Gallenkamp & Co., Ltd.) 
normal, it would be to one side or the other of this plane, but the 
symmetry of the arrangement would prevent us choosing one side 
rather than the other. The wave theory of light also leads to the 
first law. And further, it may be taken as the result of experience, 
as the whole of our optical work depends upon its truth. ‘ 

Image in a plane mirror.—Consider a luminous object situated in 
front of a plane mirror, such as a piece of silvered plate glass, shown 
in section at AB (Fig. 499). Any point S, of the source, emits light 
in all directions. One of the rays, such as SC, is reflected along CD, 
making the angle of reflection LCD equal to the angle of incidence SCL. 
Another ray SE is similarly reflected along EF. It will be observed 
that all the rays, after reflection, diverge from one and the same 
point S’ behind the mirror. An eye situated so as to receive some 
of these reflected rays will therefore see the bright point at S$’. 
S’ is said to be the image of S, and every point upon the bright 
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source will have its corresponding image, the whole of them building 
up into an image of the bright body. 

It may be shown, either by actual drawing to scale, or by simple 
geometrical reasoning, that the line SS" is perpendicular to the 
j mirror, and that SM=S’M. 
For since 

LSCL=zLCD'’; 

* 2SCM =.DCE =z8/CM,. 

and consequently 

2SCE =-S'CE. 
Similarly, LSEC=zS’EC, and 
the triangles SCE and S'CE, 
having the common side CE, 
are equal in all respects, and 
therefore SC=S’C. Now it 
follows that the triangles SCM 
and S’CM are equal in all 
respects, for SC=S’C, CM is 
common to them and 

LSCM =2S’CM. . 
Hence SM =S'M, and SMC =28’NC, and therefore both these angles 
are right angles. Stating this result in words we say that: the line 
joining object and image is perpendicular to the mirror, and the image is as 
far behind the mirror as the a, 
object is in front of it. 4 


Frc. 499.—Production of image in plane mirror. 


Expt. 117.—Refiection by ys 
plane mirror. Place a piece 
of silvered glass mirror ver- 
tically upon a sheet of 
drawing paper. In plan it 
is represented by AB in 
Fig. 500. Fix a large pin 
vertically into the paper at 
S. On looking into the 
mirror an image of the pin 
will be seen at S’. S 

The aim is to locate this 
image. Put another pin at 
C, and, looking horizontally with C and S’ in line, place a third pin at D 
in line with C and S’. Repeat this procedure at E and F and at a number 
of other positions. Draw the line AB, remove the mirror, and join the points 
in pairs, forming the lines DC, FE, etc. These produced should all pass 
through a single point S’, the position of the image of S being thus found. 


Z\ 
I 
i 
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Fig. 500.—Experiment on reflection by plane mirror. 
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Now measure SM and S’M, and show that they are equal. Again, GCD 
is a reflected ray corresponding to the incident ray SG. Draw the normal 
GK, and measure the angles SGK and KGD with a protractor. Do the 
same for the other rays and make a table of the values of the angles of 
incidence and reflection. 

Tt should be noted that if the mirror is a piece of thick plate glass, there 
is a bending of the rays on entering and leaving the glass, as will be described 
in Chapter XLV. This defect cannot be fully corrected, but by -drawing 
a line parallel to AB at a distance of one-third of the thickness of the glass, 


in front of the silvered surface, 

and making all measurements from AN K 
this line instead of from the sil- C D 
vered surface, it will be found that 
much more accurate results will be 


obtained. 


Expr. 118.—Position of the image A 
produced by a plane sheet of un- 
silvered glass. Place a piece of 
plane, unsilvered window glass 
vertically upon the table; on one 
side of it arrange a candle S (Fig. 
501), and upon the other a flask 
with a narrow neck. Adjust the Fig. 501.—Image in ae sheet of unsilvered 
position of the flask’ until, on ; 
looking through the glass from C or D, the candle flame appears to be 
situated in the neck of the flask. If this appears to be so from all points 
of view, the image is 
then situated in the neck 
of the flask, as at S’. Mea- 
sure the distances SM 
and S’M; they will be 
found to be equal. 

Inclined mirrors.— 
Two plane mirrors such 
as A and B, situated at - 
right angles to each 
other as in Fig.502, will 

Fi. 502.—Images produced by two mirrors at of course produce two 

right angles. images 1, and 1, of the 

object O; 1, being due to A and l, due to B. But there is a third 
image 2ab, which may be looked upon as the image of 1, in the 
mirror B, or of 1, in the mirror A; this depends upon whether the 


a5 - == KO 


= 


(*)}-- aS 


556 LIGHT CHAP. 
RI tn ee Te 
eye looks into B or A. In Fig. 502 it is shown looking into B. 
To find the path of the rays which produce this image, we must 
remember that the fact of the image being seen at 2ab shows that 
rays enter the eye as though they came from this point. But from 
their direction it is evident that they travel, before reflection, as 
though they came from le. But la being the image of O, these 
rays must originally have come from O. Hence the rays are twice 
reflected, first at A and then at B, and the image has therefore been 

calied 2ab. Ifthe eye had looked 
into the mirror A, the second 
reflection would have occurred 
at A, and the image would have 
been called 26a. 


Now let the mirrors be inclined 
at 60° to each other as in Fig. 503. 
The images la and l, are each 
produced by one reflection, 2ab 
and 2ba by two reflections, as 1m 
the last case. There will now be 
a fifth image 3bab produced by 
three reflections; the path of 


2ab 
Fic. 503.—Images produced by two mirrors the rays is given in the diagram 


inclined at 60°. 


Note that for the position of the 
eye shown, the last reflection occurs at the mirror B, and the image 
is therefore called 3bab. If the eye had looked into the mirror A the 
image would have been 3aba. 

From the last two cases it may be deduced that when two mirrors 
are inclined at any angle 0°, the space is divided into 360/0 sectors 
or angles, one being the real space between the mirrors. The other 
(360/0 — 1) sectors are image spaces, in each of which is situated one 
image, and there are therefore (360/0 — 1) images. 


Parallel mirrors.—it will be seen from the last case discussed that 
when 0 is small there are a great many images ; for example, if 6 =2° 
there are 179 images. If the mirrors are parallel, @ is zero, and there 
will then be an infinite number of images. This might have been 
deduced separately from Fig. 504, in which is shown how the image 
4abab is produced. The complete series of images cannot be drawn, 
as they extend to an infinite distance in both directions. This 
infinite train of images has doubtless been observed by the student 
when situated between two parallel mirrors, the only limit to the 
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number of images seen being fixed by the fact that some light is lost 


at each reflection. 
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Fig. 504.—Images produced by two parallel mirrors. 


Image in a plate-glass mirror.—The images seen in a plate-glass 
mirror are always more or less confused. When the beam SA meets 
the front surface of the glass (Fig. 505) a little of the light is reflected, 


giving rise to the faint 
image S,. Most-of the light 
enters the glass and is 
totally reflected at C, the 
greater part of it leaving 
along DE. This produces 


the bright image S,. Some f 


of the tight is internally 
reflected at D, and again 
at F, giving the faint beam 


GK and the image S,. The 


process is continued until 
the amount of light re- 
maining is too small for 
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Fia. 505.—Image in plate-glass mirror. 


any further image to be visible. A train of images is thus obtained, 
of which the second, at Sa, is the brightest, and it is this which is 


usually taken as the image in the 
mirror, the others merely pro- 
ducing confusion. 

Rotating mirror.—On allowing 
a beam of light to fall upon a 
mirror, the direction of the re- 
flected beam depends upon the 
position of the mirror. Hence, if 


Fia. .506:—Beam reflected by rotating this be varied, the direction of the 


mirror. 


reflected beam will change. When 


the mirror rotates through any ‘angle, the reflected beam rotates through twice 
this angle. For, with an-angle of incidence 7 (Fig. 506) the angle ox 
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reflection is also i, and the angle AOB between the incident and 
reflected beams is equal to 2i. If now the mirror rotates through 
an angle 0, the normal OM moves to ON, the angle NOM being also 6. 
Thus the new angle of incidence is (+9), and LAOC=2(i+0); 
+, LBOC=2(i+0)-2i=20. Since AO is fixed, the angle BOC turned 
through by the reflected ray is 20; that is, it is twice the angle of 
rotation of the mirror. 


Deviation produced by reflection.—Referring again to Fig. 506, 
it will be seen that the ray AO, which would have travelled straight 
on had there been no mirror, has been made to take the path OB. 
It has therefore been changed in direction by the angle 

(m —AOB) = (r — 22). 
‘This is the deviation produced in any ray by reflection at a plane 
surface. 

The deviation produced by two reflections would therefore be 

(x —2¢ +m — 20’) =2r —2(2 +2’), 
-where 7’ is the angle of incidence at the second surface, assuming 
-that the ray is in one plane the whole time. The relation between 
4 and 7’ is not known unless the angle 0 between the reflecting sur- 
faces is known. The student will easily be able to prove that 
§=71+1' (see similar proof on p. 623). 
Thus, for two reflections, 
deviation = 2m — 26. 


It follows that a ray undergoing two reflections is deviated by a constant 
:amount depending only upon the angle between the plane surfaces producing 
-reflection. 


The sextant.—For measuring the altitudes of heavenly bodies 
‘while at sea, some instrument is required which is not affected by 
-the motion of the ship, and by the fact that it is held in the hand. 
The sextant fulfils these conditions. The fixed mirror A (Fig. 507 (a)), 
-called the ‘ horizon glass,’ is only silvered on one half of its surface, 
.so0 that an observer, looking through the telescope C, can observe 
the horizon by means of light travelling along DAC, and passing 
-through the unsilvered half of the glass. By means of the second 
mirror B, called the ‘ index glass,’ rays such as EB, also from the 
‘horizon, traverse the path EBAC, being reflected at B, and again at 
‘the silvered part of A. These also enter the telescope when A and B 
are parallel, and the observer sees the horizon in both halves of the 
“field of vision. B is mounted upon the arm BG which can be made 
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to rotate about B, a vernier at G indicating the position relatively to 
the fixed circular scale MN. The vernier should read zero on the scale 
when the mirrors A and B are parallel, the two parts of the horizon 
seen through the telescope then appearing in one continuous line. 


(a) 


Fie. 507.—The sextant. 


To find the elevation of a star, or the sun, the arm carrying the 
mirror B is rotated into the position shown in Fig. 507 (b), so that 
the rays FB, from the object, pass after reflection at B, along the path 
BAC, and the observer sees the star, or more usually, the lower edge 
of the sun, resting upon the horizon. From the relation for rotating 
mirrors on p. 558, it will be seen that the angle of elevation FBE is 
twice the angle rotated through by the mirror. In this case it is the 
reflected ray that is fixed, while the direction of the incident ray is 
changed. The movement of the vernier G over the circular scale MN 
is therefore half the altitude of the star, or lower edge of the sun. 
The scale is usually numbered to read altitude direct, each degree 
of rotation of the arm being marked 2°, the whole scale MN, which 
is usually 60° (hence the name ‘ sextant’), being therefore numbered 
up to 120°. For observations upon the sun, shades consisting of 
darkened glass are placed between A and B, and between A and C, to 
cut down the light to a suitable intensity. 


Artificial horizon.—To determine the altitude of a celestial body 
from a point on land, an artificial horizon is sometimes employed, 
as there is then no sea horizon available. For this purpose, either a 
telescope mounted to rotate over a vertical circle, as in Fig. 508, or a 
sextant may be used. Light AB from the star is reflected at the 
horizontal surface of some mercury contained in a shallow vessel, and 
travels along BC. Light DC, also from the star, is parallel to AB owing 
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to the star’s great distance. The angle BCD is observed, either by the 
sextant, or by rotating the telescope from the position in which the 
image of the star is seen along CB, to that in which the star is seen 
direct, along CD. Since the sur- 
face of the mercury is always 
horizontal, a horizontal line such 
as EC is parallel to FG, which 
passes along the surface of the 
mercury. Hence 
L ECB =z CBG = L ABF. 

But DC and AB are parallel, there- 
fore 4 ABF = Ż¿ DCE =< ECB, and it 
follows that the altitude ABF of 
the star is 4(DCB). Thus the 
sextant or telescope measures the angle DCB, which is twice the 
required altitude of the star. 

The surface of the mercury is liable to be disturbed by ripples, so 
that in some cases a mirror of blackened glass is used, but it is then 
necessary to level the mirror carefully by means of a spirit level. 
Or the mercury may be fitted with a floating cover glass to prevent 
ripples. Yet another method is to employ a viscid liquid such as 
treaele, but in this case the illumination is not so good, as the light 
is not all reflected, as in the case with mercury. 

A further advantage of an artificial horizon lies in the fact that 
there is no correction for the height of the observer above the sea 
level to be applied. When the sea horizon is employed, the apparent 
altitude of a heavenly body is increased if the observer is situated 
above the sea-level. This involves a correction, for which the 
height of the observer must be known. 


Fie. 508.—Use of artificial horizon. 


EXERCISES ON CHAPTER XLIII. 


1. State the laws of reflection, and prove that if a ray of light makes 
an angle 0 with a plane mirror, the ray after reflection makes an angle 
of 20 with the incident ray produced. 


2. Prove that if a man walks towards a plane mirror the image moves 
at the same rate as the man; and that if the mirror moves towards the 
man the image moves at twice the rate of the mirror. | 


_ 3. Show that if a ray of light falls on one of two mirrors situated at 
right angles to each other, it will, after two reflections, be parallel to its 
original direction. 


4. A man whose eye is 5 ft. 8 in. from the ground faces a vertical 
plane mirror standing upon the ground. Find the height of the mirror 
if the man can only just see the bottoms of his feet in the mirror. 
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5. Draw a diagram showing how the image of a luminous object is 
seen in a plane mirror, and prove that the image is as far behind the mirror 
as the object is in front. 


6. Two plane mirrors are inclined at an angle 0 to each other. If a 
ray of light parallel to one of them travels after two reflections, parallel 
to the second, find the value of 6. 


7. Describe the principle of the sextant and show how by means of 
it the angle which the sun subtends at the earth may be measured. 


8. The altitude of a star is found by means of an artificial horizon to 
be 58°, but it is noticed that the mirror employed for the artificial horizon 
is inclined at an angle of 3° to the horizontal and slopes down from the 
observer. What is the true altitude of the star ? 


9. Draw a diagram showing the positions of the images formed by 
two plane mirrors at an angle of 45° to each ther, nd trace the path of 
one of the rays which helps to produce one of the images formed by three 
reflections. 


10. Explain the formation of the multiple images of an object placed 
between two parallel mirrors. Draw a diagram showing the pencil of 
rays by which an eye sees the third image in one of the mirrors. L.U. 


11. Show that, when a plane mirror is rotated, a reflected beam is turned 
through twice the angle through which the mirror is turned. Give a 
general description of the sextant. Sen. Camb. Loc. 


12. Find an expression for the deviation of a ray of light undergoing 
n reflections, the ray remaining in one plane throughout. 


13. It is required to cause a reflected ray to make a constant angle of 
40° with the incident ray. Find an arrangement of mirrors which will 
do this. (Note that the deviation is (7+40°) ). 


14. Prove that a ray reflected twice undergoes constant deviation, 
provided that it is in one plane throughout. What will be this constant 
deviation if the reflecting surfaces include an angle of 45° ? 


15. If two plane mirrors are inclined to each other, prove that the 
images of an object, situated between them, are arranged in a circle whose 
centre is on the line of intersection of the mirrors. ; 


CHAPTER XLIV 
SPHERICAL MIRRORS 


Parallel beam falling on a spherical mirror.—Imagine a hollow 
sphere to be silvered, or polished on the inside, and a slice then 
cut from the sphere. A plane drawn centrally through this slice 
would have a circular form, such as APB in Fig. 509. On allowing 
a parallel beam of light to fall 
on such a surface, every ray 
will be reflected according to 
the laws given on p. 552. The 
ray DA is reflected along AE, 
making DAC -=2 CAE, the radius 
CA being the normal to the re- 
flecting surface at A. The other 
rays are similarly reflected and 
will all touch a curve ANF called 
a caustic, which is a curve of 
greatest luminosity, and has its 
FIG. 509- Na at spherical brightest point or cusp at F. 

Such a caustic may frequently 
be seen on the surfacc of tea in a cup illuminated by a distant 
lamp. In Fig. 509, for the sake of clearness, the rays in one half 
only are shown. 

The outer parts of the caustic are faint, and it will be noted on 
examining Fig. 509 that the outer parts are due to rays reflected 
from the larger parts of the mirror lying between A and L and between 
M and B. If these parts be removed, the central part between L 
and M only remaining, the caustic is reduced to a small bright part 
near F. This bright point is called a focus; in the case of a 
parallel incident beam it is called the principa focus. 
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Parabolic mirror.—A spherical mirror does not bring a beam to 
a point focus unless it is confined to a small area. In the event of 
it being desired to bring a large beam to a point focus, it is necessary 
to use a parabolic mirror. The section of such a mirror is shown 
by the curve BPG in Fig. 510. 
The whole mirror is produced by 
a revolution of the diagram about 
PA as axis. The chief property 
of a parabola is that a line FB 
through the focus, and a line BS 
parallel to the axis, make equal 
angles with the tangent CBD of 
the parabola, and also with the 
normal BE. It follows that all 
rays such as SB, parallel to the 
axis PA, pass after reflection 
through the focus F, and the 
whole, beam comes to a point 
focus there. 

This principle is sometimes used Fra. 510.—Reflection by parabolic mirror. 
in lanterns for the production of 
a parallel beam of considerable width; on placing a lamp at F, 
the rays after reflection will constitute a beam parallel to the axis. 
For example, in the case of a search-light, the luminous part of the 
arc lamp is placed at F. The reflected beam is then parallel to 
the axis, and since there is no spreading out it retains great intensity 
for a considerable distance. Any spreading out which actually 
occurs is due to the fact that the luminous source is not confined to 
a point at F. 


Spherical mirrors.—Parabolic mirrors, sufficiently good for optical 
purposes, are difficult to construct, and moreover they would be of 
use only in connection with parallel beams. Hence spherical mirrors 
are used, care being taken that only a comparatively small part of 
the complete spherical surface is employed, so that the outer parts 
of the caustie are absent, and the point at the cusp only is present. 
It must be remembered that in all the diagrams given in this book 
the curvature will be very much exaggerated, as well as the dimen- 
sions perpendicular to the axis; if these were drawn to true scale, 
the rays would be so close together as to be indistinguishable. 

The centre of curvature C (Fig. 511) is the centre of the sphere of 
which the mirror is a part. The middle point of the mirror P is 
called the pole. The line passing through the pole and the centre is 


564 LIGHT CHAP. 
ees eee eee 
called the principal axis, PC. Thus, a ray AB, parallel to the principal 
axis, passes after reflection through the principal focus F, and 
by the laws of reflection 2 ABC =< CBF. 
But ¿BCF =ZABC, hence CBF =z BOF, 
and FB=FC. Now, remembering that 
in practice all the rays are very near 
to the principal axis, we see that to 
all intents and purposes FP=FB, and 
therefore PF=FC, or the principal 
focus is midway between the centre and 
pole. 

The distance PF from the pole to 
the principal focus is called the focal length f, of the mirror ; calling 
its radius of curvature r, we have 

r= 2f. 

Expt. 119.—Reflection by a concave surface. Place a strip of glass mirror, 
or of silvered metal bent into a circle, upon a piece of drawing paper on 
a drawing board. Place two pins upright at A and B, on a line parallel 


Fig. 511.—Concave spherical mirror. 


w 
AS, 


FIG. 512.—Reflection by concave surface. _ FIG. 513.—Reflection by convex 
surface. 
to the axis PC. On looking horizontally into the mirror the images of 
A and B can be seen at A’ and B’. Place two more pins at E and G in line 
with A’ and B’, and draw a line through E and G. Repeat this for the 
other rays, when it will be found that the reflected rays near the axis 
pass through a point F, but those far from it do not. i 


Expr. 120.—Reflection by a convex surface. Repeat the last experiment, 
using a strip with its convex surface reflecting; it will be found that 
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the reflected rays appear to come from some point F behind the mirror 
(Fig. 513). 


Point object and image.—The ease of a luminous point situated 
on the principal axis of a concave mirror will now be considered. 
Rays from O (Fig. 514) falling upon the mirror are each reflected 
according to the ordinary laws, and if OAI be such a ray, 

LOAC=ZLCAI=7. 

Denoting by 0 the angle AIP, we have 

ZACP=0-2, and 1s AOP=6-2i. 


Fic. 514.—Positions of point object and image for a concave mirror. 

arc AP AP 

ae GT 
PC Lae 


Remembering that, in practice, the rays are all very near the axis 
and the angles are all small, we may without sensible error write 


Now the circular measure of the angle ACP is 


oe |) ee oe (1) 
Vv 

Ee baa (2) 
r 

Oi hi a he ee (3) 
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where 7 is the radius of curvature of the mirror, u the distance of O 
from the mirror, and v the distance of I. 
Adding equations (1) and (3), we get 
X j P 
20 — 21 Banik eo 
v u 


and multiplying (2) by 2, 


96 9; 228 
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We may, if we wish, write f for 5? when 


This is a most important equation, giving, as it does, the relation 
between the distances of object and image from the mirror 1n terms 
of the focal length. 


ExaMPLe.—Given that an object is situated at a distance of 75 cm. 
from a concave mirror of radius of curvature 50 cm. ; find the position 
of the image. 


Here, u=75, f=?) =25, to find v, 
tee ee) LA 
nae o Tb 25 
] Abe en ABS 
3 oe ees ee 


Hence the image is 37:5 cm. from the mirror. 


Convex mirrors.—In Expt. 120 it was seen that parallel rays were 
reflected so that they diverged from some point behind the murror. 


Frc. 515.—Positiens of point object and image for convex mirror, ` 


These reflected rays will never pass through a real focus, and hence 
can never produce a bright point upon a screen. But if the eye 
receives them, a bright point will be seen at the point F (Fig. 513) 
from which they are diverging, as already explained on pp. 554 
and 555. This is called a virtual focus. 

When the source is a bright point O, upon the principal axis, the 
rays after reflection diverge from some virtual focus I (Fig. 515). 
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This is said to be a virtual image. From the figure it will be seen, 
exactly as in the case of the concave mirror (p. 565), that 


E (1) 
AP 

Ota esosesossossesossessocoooooosoooososssssosss (2) 
AP 

Yi — OT saeessnnnsneeessssnnnsssseeeetesesssoneee (3) 


From (1) and (3) 2-29 =P _*®, 


from (2), 2i—29— 
11 
ce E ttre (4) 


Convention of signs.—In order to understand and use the mirror 
equations properly, some convention must be adopted regarding 
the signs of the quantities used. The convention usually employed 
is as follows: All quantities measured from the mirror in the direction 
in which the incident light is travelling are taken as negative (—ve) and 
those in the opposite direction as positive (+ ve). 

Thus in Fig. 515 the incident light is travelling from right to left ; 
hence PO, which is measured from left to right from the mirror is 
positive, and thus u is positivo. PI and PC, measured from right to 
left, are negative, and v and r are therefore negative, as is also f. 

Hence in equation (4), v and f are essentially negative, and if 
we remember this, when putting numbers into the equations, we 
may take the following as a universal equation for all spherical 

rrors : 

DASS te + r csecesececoccosososecosoocoecocososceoesse (5) 
Vi uUe 

EXAMPLE.—A bright point is situated at a distance of 40 cm. from 
a convex spherical mirror of radius 60 cm. Find the position of the image. . 

From Figs. 513 and 515 we see that for a convex mirror f and r are 

r 


always negative; .. ‘ot ig 30. 
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Now, 


= -174 cm. 


That is, the image is at a distance of 17:14 cm. behind the mirror. 
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Object and image not points.—When the object is not a pomt 
it is not entirely on the axis, and we must therefore consider how the 
image of a point that is not situated on the azis is found. Consider 
an object AB (Fig. 516). To find the image of A, remember that an 


Fic. 516.—Production of image by concave mirror. 


infinite number of rays leave A, fall upon the mirror, and after reflec- 
tion pass through some focus; from these, any rays may be chosen. 
Consider a ray AE, parallel to the principal axis; it passes, after 
reflection, through F, the principal focus. Another through C falls 
normally upon the mirror and is reflected back upon its own direction. 
The intersection æ of these two serves to determine the position of 


Fria. 517.—Production of image by convex mirror. 


the image of A. Consider also a third ray, AP, arriving at P, which 
will be reflected so that ~.APB=2bPa. These three rays meet at a, 
as will all others, provided that the mirror is not too large a portion 
of the spherical surface, as discussed on p. 562. Then a is the image 
of A, and point by point it may be shown that ab is the image of AB. 

If the mirror were convex (Fig. 517) instead of concave, the position 
of the image would be obtained in exactly the same way, but we should 
find that it is situated behind the mirror and that it is virtual. 
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Size of object and image.—In the case of either the concave or 
convex mirror, there is a simple relation between the sizes of the 
object and image. In Fig. 516 or Fig. 517 the triangles ABC and abC 
are equiangular and therefore similar; therefore ab/bC =AB/BC. 


Size of image Distance of image from centre 
Size of object Distance of object from centre 


Or, from the triangles aPb and APB, ab/Pb =AB/PB ; 


. Size of image Distance of image from mirror v 


‘* Size of object Distance of object from mirror u 
In Fig. 516 the image is inverted, and v and u are both positive; 
hence when v/u is positive the image is inverted. 
Again, in Fig. 517 the image is erect; also v is negative and u 
positive. Hence, when v/u is negative the image is erect. 


Hence 


ExAaMPLEe.—Find the position and size of the image of a body 3 cm, 
high when placed 60 cm. from a mirror of focal length 15 cm., (a) when 
the mirror is concave, (b) when it is convex. 


ify 7 5 
(a) u=60, f=15; A © 60 IB: 
‘ge Sie Sagi Beg? 
> 15 60 60° . v= +20 cm.. 
and the image is in front of the mirror. 
v 20 1 
Also 7 E +3 s 
<. size of image = +3 x$=l CM., 
and the image is inverted. pes: i 
(b) u=60, f= -15; ž PT E =E Tw 
1 L gn ba tombe £ 
oie 60, N 
and the image is behind the mirror. 
s et. Tae 
rs u= +60 5° 
, ; 3 
*, size of image = -z m, 


and the image is erect. 


Expr, 121.—Focal-length of a concave mirror. Place a concave mirror 
vertically, holding it by a clip or retort stand. Place horizontally a pin 
at some distance from the mirror, holding the pin also by a clip with the 
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point A of the pin near the axis of the mirror (Fig. 518). A real image of 
A is produced at A’, and may be seen by an eye placed to receive the rays 
after they have passed their focus at A’, and are in the act of diverging. 
Now place a second pin B so that its point appears to touch the point of 
the image A’. The position of B must be adjusted, until, on moving the 


Fig. 518.—Focal length of concave mirror by method of parallax. 


eye up and down, A’ and B do not separate, and parallax is thus avoided. 
If they do separate it means that one is nearer the eye than the other 
and there is then said to be parallax. Measure the distances of A and B 
from the mirror and calculate f from equation (5) (p. 567). Now change 
the distance of A from the mirror, and repeat the experiment at various 
distances. Make a table of the results as follows: 


Expt. 122.—Graphical method of finding an image. With compasses and _ 
set-square, solve the example on p. 569 by drawing the figure to scale, 
taking one millimetre to the centimetre for the scale parallel to the axis 
and l cm. to the cm. for that perpendicular to the axis. 


Conjugate foci—From the principle of reversibility of the rays, 
it will be noted that object and image can change places; that 
is, if the object be moved to the position originally occupied by 
the image, the image takes the position originally occupied by the 
object. We may, however, with advantage, follow in detail the 
several cases that present themselves in the case of a concave 
mirror. 


(i) Object at infinity; u=% , e aig | 


wen we 
and the image is at the principal focus (see Fig. 511). 
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(ii) Object at a considerable distance, et eee re . 
ef u—f 
Image is at a distance from the mirror greater than f, since rat, >E 
(iii) Object at the centre of curvature, u =?2f. 
; o-a aof U= 
. f p] ee . 

Both the image and object are at the centre, a result which might 
have been explained otherwise ; for the rays now fall normally upon 
the mirror and are reflected back upon their incident paths. 

(iv) Object at a small distance beyond the principal focus. 

This is the conjugate case to (ii) and may be understood by imagin- 
ing ab to be the object in Fig. 516. AB will then be the image. 

(v) Object at the principal focus. «=f. 

v=o. The image is at infinity. This is the conjugate case to (i). 
If the object is at F (Fig. 511) the rays after reflection are parallel. 

(vi) Object between the principal focus and the mirror. 

This case presents certain novel features. Here u< f. Since 
v= , v is negative and the image is behind the mirror. 


J, 


Fig. 519.—Production of virtual image by concave mirror. 


On performing the geometrical construction given on p. 568, it 
will be found that the rays after reflection are diverging ; the image 
is therefore virtual at ab (Fig. 519). In this case bC >BC, and hence 
the image is enlarged. Also since v/u is negative, the image 1s erect. 


EXERCISES ON CHAPTER XLIV. 


1. Describe the effect produced when a parallel beam of light, falls 
on a concave mirror of considerable extent, and point out the condition 
necessary for the beam to come to a point focus. 
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2. A luminous point is situated on the principal axis of a concave 
mitror of radius of curvature '65 cm. Find the position of the image 
when the point is 55 cm. from the mirror. 


3. Describe a method of measuring the focal length of a concave mirror. 


4. How may a parallel beam of light of considerable extent be pro- 
duced, a source of light of small size being available ? ? 


5. An incandescent lamp having a filament 6 cm. long is placed at 
a distance of 72 cm. from a concave mirror of radius 60 cm. Find the 
position and size of the image of the ‘filament. 


6. Concave mirrors ‘are sometimes used instead of plane mirrors as 
looking glasses. Explain this. 


7. A concave mirror has radius of curvature 40 cm. Find the position 
and size of ‘the image when a disc ‘of ‘24 cm. diameter i" ‘held at‘a distance 
(a) of 25 cm. from it, and (b) at a distance of 15 cm. -rom it. 


_ §. Find by construction and ky ‘calculation the size and position of 
‘the image when an object 5 cm. high is held at a distance of 45 cm. from 
a concave mirror whose radius of curvature is 30 cm. 


9. A rod 4 cm. long is held in front of a concave mirror ‘of radius of 
curvature 30 cm., and the length of the image is 2 cm. Find the positions 
of the object and image. 


10. A concave spherical mirror has'a radius 18cm. An object is placed in 
such positions that its real image is (a) half the size of the object, (b) twice 
its size. ‘Find how far the object isin each case from the mirror. 


11. An object 2 inches high is set up 16 inches to the right of a concave 
mirror of 4 inches focal length. Find by a construction to scale the position 
and magnitude of the image. 

Verify from your drawing the following rule: If the object is n 
focal lengths to the right of the focus, the image will be 1/nth of a focal 
length to-the right of the focus, and the magnification ‘will be 1/nth. 

Sen. Camb. Loc. 


12. Prove ‘the formula for the ‘relation between the radius of curvature 
of a concave mirror, and the distance of a ‘point source from the mirror, 
and the distance of the image; ‘and hence prove that ‘the focal length of 
the mirror is half its radius of curvature. L.U. 


13. A concave mirror is to be used to give an image of an illuminated 
slit in a paper screen, on the screen 15 cm. from the slit, 1-25 times the 
length of the slit, and parallel tot. Find the focal length of ‘the mirror, 
and show by a diagram how it must be ‘placed. LU. 


14. A concave mirror of radius of curvature 20 em. and a convex mirror 

ee of radius 30 cm. are placed 40 cm. apart, facing each other, and having a 

common axis. A luminous body of length 5 cm. is placed perpendicular 

to the axis of the mirrors and 15 cm. from the concave mirror. Find the 

position and nature ‘of the image formed by two reflections, the first occur- 
ring at the concave and the second at the convex mirror. 


15. A ‘convex mirror ‘and ‘a ‘plane mirror are placed facing ‘each other 
and 28 cm. apart. Midway ‘between ‘them, andion the principal axis of the 
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convex mirror, a small luminous object is situated. On looking into the 
plane mirror, two images of the luminous object are seen. Draw a diagram 
showing how the two images are formed, and calculate the radius of cur- 
vature of the convex mirror if the image formed by two reflections is 
situated at a distance of 38 cm. behind the plane mirror. 


16. If the sun’s disc subtends an angle of half-a-degree at the earth’s 
surface, find the focal length of the concave mirror which would produce 


a real image of the sun upon a screen, the diameter of the image being 
4-5 cm. 


17. An object of length 4 cm. is placed 14 cm. from a convex mirror, 
and at right angles to the principal axis. If the size of the virtual image 
is 2-5 cm., find the radius of curvature of the mirror- 


\ 
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CHAPTER XLV 


REFRACTION 


General considerations.—In a homogeneous medium light travels 
in straight lines, and it has been seen that reflection occurs at the 
surface of separation of two media. But some of the light passes from 
the first medium into the second. For many substances the amount 
of light which penetrates is very small; but for others, which have 
been called ‘ transparent,’ a considerable fraction of the light enters. 
The behaviour of the light in passing from one medium to another 
must now be studied, and it is well to remember throughout that 
the proportion of light reflected or transmitted depends to a great 
extent upon the angle of incidence of the light, as well as upon the 
nature of the media concerned. The case of light passing from air 
to some other substance, such as water or glass, will first be con- 
sidered. The ray is always bent towards the normal on entering 
a more dense medium. This bending is called refraction. 

Laws of refraction. Refraction takes place according to two laws, 
| analogous to the laws of reflection. 

First law of refraction—The incident 
ray, the refracted ray, and the normal 


L to the surface at the point of incidence, 
| lie in one plane. 

Uy Y 

D 


Y, : 
Y Y Second law of refraction—The ratio of 
H Yj the sine of the angle of incidence to the 
a sine of the angle of refraction is a con- 

% Yy stant quantity for any two given media. 
fa Vi In Fi lah , 
Fr. 520.—Tllustration of laws of a 4g. 520 let EF be the surface of 

refraction. separation, air being above EF and water 
or glass below. The ray AO meets the surface at O, at the angle of 
incidence AOB. Part of the light is reflected, but part enters and 
travels along OC, the angle of refraction being DOC. 
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Then the second law of refraction states that 


sin AOB 


sin COD =2 constant. 


This constant is called the index of refraction for the two media, 
and is usually represented by the Greek letter p. 


Thus, pe 
sinr | 
: EE i oe « AB ' CD 
g it will be seen that sin 7 aa and sin r OG? 


_sini AB OC AB 
~sinr OA CD CD’ | 
since OA and OC are equal, being the radii of a circle which has its 
centre at O. ; 

This proof provides a useful geometrical construction for finding 
the path of the refracted ray. 


EXAMPLE.—A beam of light meets the surface of water at an angle 
of incidence of 60°. Find the path of the 
refracted ray. 

Make the angle AOB (Fig. 521), equal to 
60°. Draw any circle with O as centre and 
drop a perpendicular AB to the normal. Now 
the index of refraction of water is approxi- 
mately 4. Thus AB should be divided into 
4 equal parts, and a length OE taken equal 
to 3 of these parts. Draw EC parallel to the 
normal; then CD is also equal to these 
3 parts. OC is then the refracted ray, for 


Bo 3 Fie. 521.—Construction for 
obviously ABTS finding the position of the re- 
CcD..3 fracted ray. 


Demonstration of the laws of refraction.—The optical. disc, des- 
cribed on p. 553, may be usefully employed to demenstrate the 
laws of refraction. For this purpose the mirror is replaced by a 
semicircular plate of glass. The incident beam AB (Fig. 522) falls 
on the plane surface of the plate and is refracted on entering. It is 
not bent on leaving the plate because it travels along a radius, and 
therefore falls normally upon the curved surface of the plate. The 
path BD therefore indicates by its position, the angle of refraction. 
By turning the disc into various positions, the corresponding angles 
of incidence and refraction may be observed, and the relation 
sin 7/sin r =a constant, can be proved. 
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Further, by turning the disc so that the beam enters by the 
curved and leaves by the plane surface, it may be shown that a 
beam passing from glass to air 
is bent away from the normal. 
Thus in Fig. 521, if the beam 
travels along CO in the glass, it 
will emerge along OA. The index 
of refraction in this case will be 

gmvCOD.. ;,. 1 
sin AOB “7h 

Thus the index of refraction for 
an emergent ray is the reciprocal of 
that for an entering ray. 

As regards the first law of 
refraction, see the note on p. 
553 concerning reflection, which 
applies equally well here. 

EXPT. 123.—Refraction by a rect- 

3 i; angular plate of glass. Place a 

gE ET n sl eg ata rectangular block of glass on a sheet 
x of drawing paper with its longest 

edges horizontal, and fix two upright pins at A and B (Fig. 523). On 
looking through the block in the direction DC, the pins will appear to be 
at A’ and B’. Place two more pins at C and D in a line with the images 
A’ and B’. Draw the 
outline of the block on 
the paper; remove the 
bleck and pins and 
draw a straight line 
through A and B, and 
another through C and 
D. AB is the path of a 
ray entering the glass 
at E and leaving at 
F. EF is therefore 
the path through the 
block. Notice that 
CD is parallel to AB. 
At E and F draw nor- 
mals to the respective 
surfaces and measure 7 
and7r,7’andr’. Find 
the ratio sin z/sinr, or 


FIG. 523.—Index of refraction of a block of glass. 
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obtain it by drawing a circle with E as centre, as shown in Fig. 521. 
Repeat the above process for six different angles of incidence and record 
the results in the form of a table. 


EXPT. 124.—Measurement of the refractive index of a block of glass. 
Place the block of glass, used in the last experiment, on its edge as shown 
in plan and elevation in Fig. 524. 
Let the block rest upon a line A 
drawn on the paper. On looking 
into the glass, the line A will 
appear to be broken, the part B 
geen through the glass being dis- 
placed from its original position 
A. Move the eye up and down 
until the part B and the edge of 
the block C appear to coincide, 
and mark this position G on the 
paper. It follows, as shown in 
the elevation, that the path of the 
ray is ACE, and by drawing the 
elevation,on the paper, the angles 
ACD and BCD may be found. 
Find the ratio sin BCD/sin ACD. 
This is the index of refraction of 
the material. 


Apparent thickness of a transparent body.—On looking through a 
plate of transparent material, the body observed appears to be nearer 


FiG. 524.— by displacement. 


Fic. 525.—Displacement of rays traversing plate glass. 


co the observer than is actually the case, and it may also be displaced, 
toone side. Thus, in Fig. 525, rays from A, on passing through a 
thick plate of glass, emerge, each parallel to its original direction. 
But the rays are now, owing to their refraction, diverging from 
some point A’, which is now the apparent position of the body. — 
When the eye looks normally through the surface, it perceives 
the object A (Fig. 526) apparently raised to the point D, the point 
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from which the emergent rays diverge. From the figure we see 
that LFCG=.DCE=ZBDC, and ~ACE=z BAC. 
Ni a FCG _sin BDC BC AC_AC 
a sin ACE sinBAC DC BC DC 
The eye only makes use of rays very near the normal, so that 
without sensible error, we may write AB for AC, and DB for DC. 
Thus ro Real thickness of medium (BA) 
4 Apparent thickness of medium (BD) 


Expr. 125.—Index of refraction by means of the microscope. Place 
a few grains of lycopodium powder, or any other very small particles, on 
a sheet of glass placed upon the stage 
of a microscope, and focus upon them. 
The microscope must be provided 
either with a micrometer movement, 
or with a scale and vernier to measure 
its vertical travel. The position 
when focussed as described above 
is observed. Place a thick sheet of 
glass upon the lycopodium powder, 
and raise the microscope by means 
of the micrometer screw until the 
Fic. 526.—Apparent raising by transparent powder is again in focus, and note 

medium. . nis ; 
its position. The vertical travel 
being thus known, this gives tke distance AD in Fig. 526. Focus in a 
similar manner on the top of the plate, and, by reading the position again, 
obtain the distance DB. Hence we can find the real thickness of the plate 
AB and the apparent thickness DB, and can therefore calculate pm. 

If the microscope is vertical, the same method may be used for a liquid ; 
first focus on the bottom of an empty vessel, then pour in the liquid and 
refocus on the bottom. Then focus on the surface of the liquid, thus 
obtaining as before the real and apparent thicknesses. 


TABLE OF INDICES OF REFRACTION. 


s 

Substance. Be | Substance. k- | 

Alcohol - - - 1-36 Glycerine- - - 1-47 | 

Crown glass (mean) - 1°51 Ice - - - - 1-31. { 
Diamond - - - 2°42 Turpentine - - 1-47 
Flint glass (mean) - 1-65 Water . - - - 1:333 


, These values of, are for the sodium D line, for light travelling from 
air to the substance at 15° ©, 
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Passage of a ray from water to glass.—In the preceding pages the 
passage of a ray from air to a medium such as water or glass has been 
dealt with. When the ray passes A 
from one transparent medium to 
another, the index of refraction 
may be found as follows. Let 
the index of refraction for a ray 
passing from air to, say, water > == =- 
be m, and from air to, say, glass ns 
be mə Consider the ray ABCD 
passing from air, through a layer 
of water with parallel faces, and 
into glass (Fig. 527). 


At the first surface, 
sint _ 
sinr “r © 
WN 
i ; Zee ; 
For a ray passing from air to Fra. 527.—Index of refraction for any two 
glass, sin 2/sin 7’ =p, the parallel media. 
layer of water between them not producing any deviation (see 
Expt. 123). , Sint sin? pe, 
“*sinr’ sint py” 
SINT pg 
ean Thy 
. p 
À sin 2 
But r=0'; pee 


‘a, sine’ 

and this is the index of refraction of a ray travelling from water to 
glass. 

Index for air and glass 
Index for air and water 


Glass and water have been chosen as examples, but the rule applies 
whatever the substances may be. 

Visibility of transparent bodies.—Reflection only occurs when there 
is a discontinuity of refractive index, such as occurs at the surface of 
separation of two media. If the two media have the same refractive 
index, no reflection occurs at their surface of separation. Thus 
cedar-wood oil has very nearly the same refractive index as glass, 
and fragments of glass immersed in it cannot be seen, as there is 
then no reflection at the surfaces of the fragments. 

The index of refraction of materials in small quantities, such as 
precious stones, may be found by immersing them in mixtures of 
various oils, changing the proportion of the oils until the stones are 
invisible. Their refractive index is then the same as that of the 


Hence, Index for water and glass = 
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liquid, which may be found in the usual manner, as described on 
p- 627. Thus, olive oil has a refractive index of 1-47, and carbon 
bisulphide 1-63, and mixtures may have any value of p between 
these. For high refractive indices a solution in water of barium- 
mercuric iodide may be used. The greatest value of » for this 
solution is 1-79. 


Total reflection.—In the demonstration with the optical disc 
(Fig. 522), when the light enters the curved surface and leaves by 
the plane surface, it may be ob- 

P c served that some of the light is 
IA internally reflected. As the angle 

of incidence increases, the intensity 
of the reflected beam also increases, 
until for a certain angle of inci- 
dence, and for all angles above it, 


SLI 
UW DIL the/whole beam is reflected, none 
a K o£ it emerging. The angle of 
: incidence at which this pheno- 
4 YY) menon first occurs is called the 
YW yy critical angle, and the beam is said 
E KRK k Li to be totally reflected. 
FIG. 528.—Internal reflection. Then X e y N 
emerges in part along BC, some 
being reflected along BD. The ray EB gives rise to a very feeble 
emergent beam BF very nearly parallel to the surface, and an intense 
reflected beam BG. A beam such as MB is , 
totally reflected along BN. The critical 
angle is EBQ. For this critical angle, the 
angle of refraction is 90°; hence 
snEBQ , 1 
sin 90° py’ 
and since sin 90° =T; 


*, sine of critical angle =" 


EXPT. 126.—Total reflection by a glass prism. 
Place a glass prism upright upon a piece of M 
drawing paper, and draw in its outline ABC \e 
(Fig. 529). Place vertical pins at D and E so 


that DE is nearly normal to the face AB. On lite ates fe ec: 
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looking through the face BC the images of the pins will be seen at E’ and 
D’. Piace two other pins L and M in line with E’ D’, and draw the lines 
DEF and MLH. The ray DE entered the prism at F and left it at H, being 
totally reflected at G. To find the point G, draw FR perpendicular to AC 
and make PR=FP. Join RH, thus determining G by the intersection of 
RH and AC. This follows from the laws of reflection in a manner similar 
to that given on p. 554. 


Measurement of u by the method of total reflection.—Several 
methods of measuring u by making use of the relation sinv=1/p 
have been devised. One 
of the best methods is 
to immerse two glass 
plates with a small air 
space between them, in 
a vessel containing the 
liquid whose refractive 
index is required. The 
pair of plates, shown in 
plan at AB (Fig. 530), 
are carried by an axle, 
not shown, which siso carries the circular scale EF. The plates, 
which are situated below the scale, are immersed in the liquid con- 
tained in the glass vessel CD. The light from the sodium burner 
passes through a slit 
in the screen L, and 
an observer looking 
through the telescope 
T can see the slit by 
means of light which 
has passed through 
the liquid and the 
plates AB. On rotat- 
ing AB a position will 
be found, for which 
the light is suddenly 
cut off, being totally 
reflected in the plates. 
The position of AB is 
known from the cir- 
cular scale and the 
fixed pointers at E 
and F. From Fig. 531 it will be seen that the light is just 
cut off when BCE is the critical angle for glass and air. Hence 
sin BCE =1/py. 


Fia. 530.—» by total reflection. 


Fig. 531,—Totai reflection at surface of glass plate. 


. # 
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eT 
Now at B the ray passes from the liquid to glass. From p. 579 we 
see that Py Sin ABF _ sin ABF 
Pw sinGBC sin BCE 


= py. Sin ABF. 


*. sin ABF Noes 
fw 


Hence the index of refraction for the liquid is the sine of the angle 
ABF between the incident ray and the normal when the light is just 
cut off. It is determined by finding two symmetrical positions for 
extinction and taking half the angle between the two positions. 

The Pulfrich refractometer.—For the rapid determination of the 
refractive index of liquids of which only a small quantity is available, 
the principle of total reflection is made use of in the refractometer 
of Pulfrich. The upper plane 
face of a glass cylinder is 
polished and on to this face 
is cemented a ring of glass 
to contain the liquid under 
examination. 

The refractive index (u) of 
the liquid must be less than’ 
that of the glass cylinder (). 
‘The light entering at E (Fig. 
532 (a)) is reflected at the surface of separation of the glass and the 
liquid. If EF is the ray making the critical angle with the normal, 
rays above this are totally reflected, but rays below this are only 
partially reflected. If then a telescope, having a cross wire, be 
directed to receive the beam GH, the lower half of the field of 
vision is not so brightly illuminated as the upper half. The halves 
of the field of vision are separated by a sharp line corresponding to 
the direction GH; the cross wire is made to coincide with this 
line. By means of a circular scale over which the telescope moves 
the angle HGK =7 is measured. 

‘If the light entering the side of the glass ring be employed as in 
Fig. 532 (6), the upper half of the field of vision in the telescope 
is dark and the lower half illuminated ; the angle HGK is measured 
as before. Calling this angle 7, the critical angle c, and the internal 
angle of incidence r, 


FIG. 532.—The Pulfrich refractometer. 


sin 2 
sinr “r 
But r+c=90°; .°. sin r=Cose, 
sin 2 
and cos c= — > 


My 
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m a 
Again, for the critical angle c, 


sin a. 
j My 
since the index of refraction for a ray passing from the liquid to 


the glass is p/p. 


SO, sin?c +cos?c=1 ; 
u? sinêi 
Soret OA = 
a: 2 , 
Kioa Pas 
ae ey 2 Ve 
PREG Py AS 


p=Jp2— sins. 

From which p can be found after i has been measured, py having 
been previously determined. 

Right-angled prisms as reflectors.— For some purposes it is desirable 
to employ plane mirrors, but the confusion produced by multiple 


(4) 


Fic. 533.—Prismatic reflectors. 


reflections (p. 557) must be avoided, and the tarnishing which an 
unprotected metallic mirror rapidly undergoes would render its use 
impossible. A right-angled prism is then used, as it has neither of 
the above disadvantages. The beam AB, on entering one face 
normally at B (Fig. 533 (a)) is not bent, but travels towards the 
hypothenuse and meets it at C, the angle of incidence being 45°. For 
most glass » is about 1-5, and since sin 7=1/=0°667, this gives a 
value 41°50’ for the critical angle. Hence the light is totally 
reflected at C, and leaves the prism normally by the face D. 

Erecting prisms are also designed on a similar plan. The beam 
E (Fig. 533 (b)) enters the prism and is refracted, meeting the face 
GH and being there totally reflected. It emerges eventually along F, 
and it will be seen that the upper parts of the beam at E are the 
lower at F. The function of the erecting prism will be described 
further on p. 605. 

Atmospheric refraction.—Light is refracted in passing from a 
vacuum to air, and in the preceding discussions all the indices of 
refraction should have been calculated on the assumption that the 
rays passed from a vacuum to the transparent substance. Since, 
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however, the index of refraction of air at standard pressure and 
temperature is 1-00029, the index can be corrected by the relation 
Index of refraction, referred to vacuum _ 1-00029 
Index of refraction, referred to air : 

Air, like all other gases, changes considerably in density as the 
pressure and temperature vary (p. 411), and thus, as we ascend from 
the earth’s surface the index of refraction of the air becomes less 
owing to the diminution in density. It follows that the light from 
any heavenly body, such as a star, is refracted on passing through the 
earth’s atmosphere. Thus the light from B (Fig. 534) on reaching an 
observer situated at O, arrives in the direction B'O, and a telescope 


Fic. 534.—Atmospheric refraction. 


must be directed along this line in order to observe the body. For this 
reason the altitude of any heavenly body always appears too great, 
and the observed altitude HOB’ must be corrected to obtain the true 
altitude. The correction is not easy to calculate, on account of the 
irregularity of the atmosphere and the gradual change in its density. 
Tables of corrections have been constructed, and the following 
gives an idea of the magnitude of the atmospheric refraction. 


TABLE OF ATMOSPHERIC REFRACTION. 


Altitude. Refraction. Altitude. | Refraction. 
10° 519:2 60° 0’ 33-6” 
20° 2’ 3° -6" 70° OF 22-2” 
30° 1’ 40-6” 80° OQ’ 10:3” 
40° i Bs 9-4” 90° 0’ o. 
50° 0’ 48-9” 


Further corrections for temperature and for the height of baro- 
meter are also applied. 
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It will be noticed that a star in the zenith, as at A, is not displaced 
by Tefraction. Also the refraction at low altitudes is so great, and 
varies so rapidly with the altitude, that no accurate correction can 
be applied. A body at C, which is really below the horizon, appears 
to be at C’, and it is on account of the rapid variation in refraction 
that the setting sun or moon appears elliptical. For the horizontal 
diameter is unchanged by refraction, but the lower edge is raised 
more than the upper, the apparent vertical diameter of the setting 
sun being about 27’, while the horizontal diameter is 32’. 

Air is sometimes visible, as may be observed when it is heated in 
contact with the ground on a hot summer day. The hot air rising 
irregularly has a different refractive index from that of the cooler air 
into which it rises. Hence the shimmering with which everyone is 
familiar, which is erroneously put down to ‘ heat rising.’ 


EXERCISES ON CHAPTER XLV. 


1. State the laws of refraction and describe some method of demon- 
strating the truth of the second law. 


2. Describe how you would trace the path of a beam of light through 
a block of glass having plane faces, and how the index of refraction of 
the glass may be measured. 


3. A beam of light falls on a rectangular block of glass at an angle 
of incidence of 45°. Find by construction the path of the beam in the 
glass whose refractive index is supposed to be 1-5. 


4. Why is it that a pond of clear water appears less deep than it really 
is? Find an expression for the apparent depth of a pond for perpendicular 
incidence, and use it to find the apparent depth of a pond whose real 
depth is six feet. (u for water =1-333.) Sen. Camb. Loc. 


5. Describe carefully how you would determine the refractive index 
of a liquid of which only a small quantity is available. 


6. Give the laws of refraction of light, and describe an experiment to 
illustrate the second law. What is the critical angle, and how is it related 
to the refractive index of the medium ? 


7. Show by means of a sketch the path of a ray of light through a 
prism. Describe how you would trace the path of a ray, and so determine 
the refractive index of the glass of the prism. 


8. A microscope is focussed upon a small object, and on covering the 
object with a sheet of transparent material the microscope must be raised 
a distance of 2-1 mm. to refocus the small object, and a further distance 
of 4-5 mm. to focus upon a scratch on the upper surface of the sheet. What 
is the refractive index of the material of the sheet ? 


9. The index of refraction of a prism is 1-5 and the angle of the prism 
50°. Construct a diagram to scale showing the path of a ray of light 
through the prism, if the angle of incidence upon the first face is 20°. 
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10. Prove that a beam of light which enters at one face of a slab of 
material with parallel faces, will emerge from the opposite face. Also 
show that if the faces are not parallel it may be impossible for the beam 
to emerge. 

11. What is meant by total internal reflection? Under what circum- 
stances does it occur ? 

If the refractive index of glass is 1-6, show how to construct the smallest 
angle of incidence at which total reflection in the glass occurs. 


12. What is meant by the term ‘critical angle’? Explain how you 
would measure the critical angle for a given specimen of glass and so obtain 
the refractive index of the glass. L.U. 


13. A block of glass rests on a piece of paper. Explain why the paper 
appears to be nearer than it really is to an observer viewing it from above. 

If the thickness of the block is 5 cm., and its refractive index is 3, find 
the apparent displacement in the position of the paper. L.U. 


14. Describe how the apparent position of a heavenly body is affected 
by refraction due to the atmosphere. Account for the peculiar appear- 
ance of the setting sun. 


CHAPTER XLVI 


LENSES 


General considerations.—Lenses are bodies made of transparent 
material and bounded by faces having a spherical form. Although 
there is a great variety of form in lenses, they may be divided into 
two classes according to their behaviour towards a parallel beam 
of light. Consider the parallel beam shown in Fig. 535. The path 


Fic. 535.—Refraction by converging lens. 


of every ray may be found from the laws of refraction (p. 574). 
Each ray is bent towards the normal on entering, and away from 
the normal on leaving the lens, the normal at each point being the 
radius of the spherical surface. The line passing through the 
centres of curvature of the two faces of the lens is called the principal 
axis, PA. If the incident beam is parallel to the principal axis, the 
rays, after passing through the lens, are brought to a focus at PF, 
the principal focus. Since the parallel rays converge to a focus after 
passing through the lens, it is said to be a converging lens. The same 
limitations as to the size of the beam hold for lenses as for mirrors 
(p. 562). The more the beam is restricted to a narrow part near 
the principal axis, the more accurately will the refracted rays pass 
through a point focus. For a wide beam, the outer rays will not 
pass through the same focus as those near the axis. 
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With the arrangement of faces shown in Fig. 536, the beam after 
passing through the lens is divergent, each ray appearing to come 
from PF, the principal focus, 
which in this case is virtual. 
Such a lens is said to be a 
diverging lens. 

Referring to the convention 
as regards sign given on p. 567, 
we see that the focal length of a 
converging lens is negative, while 
that of a diverging lens is positive. 

Classification of lenses.— 

= Names are sometimes adopted 
Fia. 536.—Refraction by diverging lens. which are descriptive of the 
shapes of the lenses. The first three (illustrated in Fig. 537) are all 
converging, and as shown, would all have the same focal length. A 
similar remark applies to the three diverging forms. We shall only 
use the terms ‘converging’ and ‘ diverging.’ 


Double Plano- Concavo- Double Plano- Convexo- 
Convex Convex Convex Concave Concave Concave 
Converging Lenses Diverging Lenses 


Fig. 537.—Classification of lenses. 


Refraction at single spherical surface.—In order to obtain the lens 
formula, the production of an image by a single refracting surface 
will be treated first, and the result then applied to an actual lens, 
which has, of course, two refracting surfaces. 

In Fig. 538 let A, in either diagram, be a point source of light 
situated on the principal axis. A ray such as AB will, on entering 
the glass, be refracted along BD. In Fig. 538 (a) we have 

sin ABE sin 7 
sinCBD sinr /” 
and in Fig. 538 (b) we have 
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« Draw BP perpendicular to the axis; then from either diagram, 
since all the rays are much nearer the axis than is shown in 
the diagrams, 


_BP 
Sth. _BP BP 
5 eee Jerome 
Ge. PEP 
Cn SSS 
0-i+r= | SS 


Fig. 538.—Spherical refracting surface. 


It must be remembered that in Fig. 538 (a), rı is essentially 
negative, in accordance with the convention of signs. Again, when 
i and fare small, we may, without sensible error, write 


sin 2 ee tee 
sinr r °° TH 
BP BP BP BP\ 
Hence, Seca iota ite E 
“iT; VOT, ` 
1 a] 
or | eit S cl la 
CS ee 


This gives the relation between u and v for a single spherical refract- 
ing surface. The equation is more complicated than for a spherical 
mirror, and involves the refractive index of the medium, which it 
obviously must do. 


Expt. 127.—Refraction at a curved surface. Place a pin A (Fig. 539) 
upright inside a glass crystallising basin containing water, fixing it by 
means of soft wax. Let the basin rest upun a sheet of drawing paper. 

Md. Bs di 
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Fix two other pins at B and C, in line with the image I as seen by the eye. 
Now fix other pairs of pins at DE, FG, ete. Mark the outline of the 


Fia. 539.—Refraction at a curved surface. - 


basin on the paper and then remove it. Produce ED, CB, GF, etc., back- 
wards to meet at I. Taking IP as v, AP as u, and 7, as the radius of the 
basin, calculate u from the equation on p. 589. Note that rays far from 
the axis AG must not be taken, and further, that the thickness of the 
glass walls will prevent any great 
accuracy being attained. 


_ Aplanatic surface.—There is 
one important case in which a 
spherical surface produces a 
true point image however large 
may be the beam employed. 
A surface which does this is 
called an  aplanatic surface. 
Spherical surfaces as a rule 
are not aplanatic. Consider a 
sphere of glass of radius r =OC, 
having centre at O (Fig. 540). 
Draw also two circles having 
~ Sedat their centres at O, one having 
Fia. 540.—Refraction at aplanatic surface. radius pr and the other. r|m. 
Thus BO=pr and AO=r/n, or 
BO/OC =: u, and OC/AO=p. Hence BO/OC =0C/OA, and the triangles 
BOC and COA, having the common angle at O, are similar, and 
4L OBC = 4 OCA. 
Again, from trigonometry we have 


wonna 
OC sin OBC 
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But 66 =P: 4BCO=ECD, and LOBC=ZOCA; 
piia Eoo- 
an OCA 
It follows that for an incident ray AC, the refracted ray is CD ; and 
all other rays that leave A and emerge from the sphere, in a manner 
similar to CD, will travel after refraction as though they came from B. 
Thus the sphere is an aplanatic surface with respect to two conjugate 


points such as A and B. This fact is used in oil immersion micro- 
scopes (p. 611). 


Refraction at two spherical surfaces.—Lenses.—The result on 
p- 589 may be used to find the lens formula by applying it to the two’ 
refracting surfaces in turn. In Fig. 541 the radii r} and r, are taken 


Fig, 541.—Refraction by a lens. 


as both positive to avoid confusion of signs, but the result is quite 
general. A is the object, and refraction at the first surface of radius r} 
would produce an image at A}, according to the relation 


meme mee eee ett Fert eee reese eeeeeseeeese 


A’ is now the object with respect to the second surface r, which 
by refraction gives rise to the final image A,. Yor this we have 


1 1 


--—1 
haga 2 
OE AME OS 
remembering that the index of refraction for a ray passing from glass 
to air is 1/u; whip eS | (2) 


p% 7 
v v fa 
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Adding equations (1) and (2) for the two surfaces, we get 
1_l_ i ~) ae... (3) 
= t-95 EnS 


v 
If the object A be at infinity, the rays from it are parallel, and 
1/u=0, but in this case the image is at the principal focus, so 


that v=f. rae 
Hence z=- (5 -=). ee) eee (4) 


Further, if this value is substituted for (u -— nF -:) in the lens 
equation (3), we get : 


LZ, 
AA 
7 


Fia. 542.—Convex lens. 


EXAMPLE.—A double convex lens has radii of curvature 16 and 24 cm. 
respectively, and the glass has index of refraction 1-5. Find the focal 
length of the lens, and the position of the image when the object is 32 cm. 
from it. 

In Fig. 542, r= -24 and r,=+16; 

aes | ) f- A 5 ) . (from equation 
34-16) = ~2\ag)? (4)) 


Again, 1 nays BiS 
v 


v 32 96 96 
v= -48; that is, the image is 48 cm. from the lens on the side remote 
from the object. 


EXPT. 128.—Focal length of a converging lens. Place a converging lens 
upright by fixing it in a slit in a cork, as shown at L (Fig. 543). At some 
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distance from L place a blanket pin A. The lens produces an image of 
A at A’, and if the eye be placed at E to receive the rays, the inverted 
image of the pin will be seen. Place another pin B, so that B and A’ do 
not separate when the eye is moved about. B and A’ are then coincident 


Fi@. 5438.—Measurement of focal length of a converging lens. 


in position. Measure AL and BL, and calling them u and v, calculate f. 
Repeat for a number of distances, and tabulate the results as described 
on p. 570. 


Optical centre of a lens.—For every lens there is some point for 
which the rays passing through it are not deviated by the lens. Let 
A and B be the centres of curvature of the faces of the lens in either 
(a) or (b) (Fig. 544). Draw AC and BD parallel to each other. These 


(2) 


Fıa. 544.—Optical centre of a lens. 


being the normals to the surfaces, the surfaces are parallel to each 
other at C and D. The ray which passes along the path COD in the 
lens has thus the same direction before entering as it has after 
emerging (p. 576), and is therefore undeviated. It is laterally 
displaced, but in the case of thin lenses this displacement 1s 
small. 


t 
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Now since AC and BD are parallel, the triangles ACO and BDO are 


similar ; PAC AO: 7 
oe BD TBO ? 
but AC=AF, and BD=BE. 
AF AO 
BE BO 
and by a well-known proposition in proportion, 
l AF_AF-AO , AF OF 


BE BE-BO’ “^ BE OE 

Hence, all other rays which are undeviated pass through the same 
point O, which is called the optical centre of the lens. It will be seen 
that O may be within the lens as in (a), or outside it, as in (b), but 
in all cases its distance from the face is proportional to the radius 
of that face. 

Object and image not points.—In order to obtain the image of 
an object of definite size, we follow the principles given for concave 


a ; 
° t 
Fig. 545.—Production of image by converging lens. 


mirrors (p. 568). Take a point A upon the object AB (Fig. 545). Of 
the rays given out by A, choose the one, AE, which is parallel to 
the principal axis. This ray, after passing through the lens, travels 
through the principal focus F. Another ray, AO, which passes 
through the optical centre O, is undeviated. These two meet at a, as 
will also all others originating 
at A. a is thus the image of 
A. The images of other points 
upon AB can be found in a 
similar manner, and will build 
up into the image ab. 

When dealing with a diverg- 
ing lens, the same construction 
Wha applies, but the image in this 

Fia. Hoeri roat image by diverging case is virtual. The ray AE, 
Fig. 546, emerges as though it 
came from the principal focus F. The ray AO, through the optical 
centre is undeviated, so that the beam, after passing through the 
lens, is diverging from the point a. ab is then the image of AB. 
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Size of object and image.—From either Fig. 545 or 546, it may be 


seen that the triangles AOB and aOb are similar. ` 
Hence ab _ Ob; 
AB OB 


. Size of image _ Distance of image from lens- v 
` Size of object Distance of object from lens u 
In Fig. 545 the image is inverted, and u and v have opposite signs; 
while in Fig. 546 the image is erect, and u and v have the same sign. 
Thus, when v/u is positive, the image is erect, and when v/u is negative, 
the image is inverted. 
It will be noticed that in this respect mirrors and lenses differ, 
the reason being that the rays pass through a lens but are reflected 
from a mirror. The same PR can be observed in the relations 


l 1_1 for a lens, and — l en —-—, for a mirror. 
vou f ye 

Expr. 129.—s$ize of object and image. Cut a slot, in the form of an arrow 
if desired, in a cardboard screen; cover it with tracing paper, and illumi- 
nate it by a bright source of light. On the opposite side to the source, 


C 


LY 


Fig. 547.—Measurement of size of object and image. 


place a lens, as at B in Fig. 547. Place a screen at C. Then, the room 
being dark, the screen C is moved about until a sharply defined image is 
produced. Measure AB and BC, and also the lengths of the object and 
image, for six positions, and tabulate as follows : 


Length of image 
Length of object’ 
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Various positions of object and image.—The equation for a lens 
may be written v=uf/(w+f), and since f is negative for a con- 
verging lens, it follows that v is negative so long as u 1s greater than 
f. The image is then on the opposite side of the lens to the object, 
as in Fig. 545, and is real. As in the case of mirrors (p. 570), it 
follows from the principle of reversibility that the object and image 
are interchangeable ; that is, their positions are conjugate. 

When, however, u is less than f, v is positive. This is a case we 
have not yet discussed, for the image is obviously virtual. On per- 
forming the usual construction, as in Fig. 548, we see that the rays 


Z 


Fia. 548,—Virtua) nage produced by converging iens. 
i 


after passing through the lens are diverging ; although not so much 
as they were before entering it. The rays diverge from a, and an eye 
placed to receive them will see the image at a. Since the rays are 
diverging they never cross, so that it is no longer possible to obtain 
an image upon a screen. 

In the case of the diverging lens, f is positive, and since 
v=uf/(u+f), v is always positive, and the image is always virtual. 
There is therefore only one case to consider, and this is illustrated in 
Fig. 546. | 


Optical bench.—F or the accurate measurement of focal lengths, the 
optical bench is employed. It consists of a horizontal beam provided 
with a linear scale, usually two metres long (Fig. 549). At one end 
is a screen A, in which is an aperture having two cross wires, illumi- 
nated by a lamp L, which should have a frosted bulb. A lens-carrier B, 
holding the lens, and a vertical white screen C, ride upon the bench 
so that their distances from A are adjustable and measurable. On 
obtaining a well-defined image of the cross wires upon the screen C, 
u and v can be measured upon the scale, and f can be calculated. 


The chief objection to the optical bench is that it must be used in a 
dark room. 
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Expr. 130.—Focal length of a converging lens (1st method). By means 
of the optical bench measure the focal lengths of several converging lens, 
by finding u and v in each case. 


Fig. 549.—Optical bench. 


Expt. 131.—Focal length of a converging lens (22d method). Replace 
the screen C, Fig. 549, by a vertical plane mirror, and adjust the distance 
of the lens from the cross wires until a sharp image is produced alongside 
of the object. The rays must have struck the mirror normally, since they 
are reflected back very nearly along their own paths (Fig. 550). Thus the 
beam on first emergence from the lens is parallel, and the distance from 
the lens to the cross wires is the focal length of the lens. This method is 
particularly applicable to lenses of great focal length. 


Fic. 550.—Measurement of focal length Fra. 551.—Measurement of radii of 
of converging lens. curvature of lens faces. 

Expt. 132.—Radii of curvature of the faces of a lens. With the lens 
alone, an image of the cross wire can be produced alongside of the cross 
wires. This image is produced by means of light which has entered the 
lens, but is reflected from its back face. Since the light returns along its 
previous path the rays must have struck the back face normally ; hence, 
within the lens, they are diverging from the centre of curvature of the 
face C (Fig. 551). C may be considered to be the virtual focus for the rays, 
some of which, instead of being reflected internally, leave the lens. Calling 


f 
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u the distance of the lens from the cross wires, and r, its distance mid the 
centre C, we have mo ae | 


Since f can be determined separately, as in Expt. 130 or 131, r, may be 
found. 

Now turn the lens round and in the same way find r», the radius of the 
other face, and from the ana 


Z= -1 (ž-4) (P. 592) 


calculate j:, the refractive index of the itera of the lens. 
When the face of the lens is concave, the radius may be measured directly, 
by obtaining an image beside the object (p. 571). 


Expr. 133.—Index of refraction of a liquid. Place a large concave mirror 
on the table and adjust the position of a pin A, situated above it, until the 
image and object coincide. The distance of 
the pin from the mirror is then the radius 
of curvature, AC, Fig. 552. Now put a thin 
layer of liquid in the mirror and again perform 
the experiment. B is now the position of the 
pin. The rays producing the image coincident 
with B have struck the mirror normally, and 
it may be shown from the angles in Fig. 552 
that, _sini DC AD _AC 

"sinr DB DO BC | 


Fig. 552.—» for liquid by means Hence the refractive index of the liquid is 
of concave mirror. found. 


Note that the layer of liquid must be thin, or the above approximations 
are not valid. 


Thin lenses in oe two éthin lenses are in contact 
the focal length of the combination may be found by a method 


F10. 553.—Thin lenses in contact. 


similar to that employed on p. 591. Let A be the object (Fig. 553), 
and let the first lens f, produce an image at B, at a distance v’. 
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Then E ado. 
a ok etka A (1) 
B is now the object with respect to the second lens f}, which 
therefore produces an image at C. 
Le 
Ri oo ARE ete (2) 
On adding the equations (1) and (2), 


a~ ee ed S aa Es — o k 
vu fi fe 
But considering the two lenses together as equivalent to a single 
lens of focal length F, 1 


cle 


EXPT. 134.—Combination of thin lenses in contact. Measure the focal 
lengths of two thin converging lenses f, and f, by means of the optical bench. 
Place them in contact and find the equivalent focal length F. Show that 

ag eS o 
F fife i 

Expr. 135.—Focal length of a diverging lens (15t method). Measure the 
focal length fı of a converging lens, and then place a diverging lens, fz 
in contact with it. Measure the focal length F of the combination, and 
calculate f, from, equation (3) above, taking great care to give F and fı 
their correct signs. 

Measure the radii of curvature, r and rą of the diverging lens by the 
method given in Expt. 132, in which ibe naga is obtained alongside of 
the object. 

From equation (4) (p. 592), calcu- 
late u. 


Expt. 136.—Focal length of a diverg- 
ing lens (224 method). The difficulty 
met with in determining the focal length 
of a diverging lens is that the image is 
virtual. Its position is therefore not 
easy to find. One method of consider- Fie. Auega focal length 
able accuracy consists in placing the See 
concave mirror M upon the optical bench, hehind the lens L (Fig. 554). 
Adjust their positions until there is a sharp image beside the object at S. 
It is evident that the rays meet the mirror normally and return along 
their original paths. Hence on leaving the lens they must have been 


. 
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travelling from the centre of curvature C of the mirror. Measure the 
distance SL=u. To find CL=v, remove the lens and move the mirror 
towards the screen until the image formed by reflection at the mirror 
falls beside S. The centre of curvature of the mirror is now at S, and 
the distance through which the mirror has moved is equal to CS, and 
must be noted. Now CL=SL-CS. 

From equation (5) (p. 592), calculate f. 


The Dioptre.—Opticians have a method for treating lenses some- 
what different from those described above. A lens of 1 metre focal 
length is said to have a power of one dioptre. Converging lenses are 
considered to be positive and diverging lenses negative. Then the 
power of a lens in dioptres is 

1 oF La 100 
focal length in metres’ f in centimetres 


Thus, taking F as the power in dioptres, and f the focal length in 
centimetres, F=100/f This method is convenient for some purposes, 
for on placing two thin lenses of powers F, and F, in contact, the 
power F of the combination is given by F=F,+F,. This may be 
proved as follows : 


; 100 100 100 he cet ae | 
Since di ae ie and F SNA 
100 100 100 
i TOREN 2 
chat is, ‘ ese 


EXAMPLE.—What must be the power of a lens which, when combined 
with a converging lens of focal length 20 cm., will produce a combination 
of power 3 dioptres ? 

The power of the converging lens ís 420 =5 dioptres. is 

Now 3=5+F; hence F= —2 dioptres. That is, a lens of power —2 
dioptres must be used; this is a diverging lens of 50 cm. focal length. 


EXAMPLE.—A converging lens of 6 dioptres is combined with a diverging 
lens of — 2 dioptres ; find the power and focal length of the combination. 
F=+6 -2=+4 dioptres; 
therefore the power of the combination is +4 dioptres, and this is equi- 
valent to a converging lens of 25 cm. focal length. 


Optical conventions. -‘The rule of signs given on p. 567 may be 
applied to calculations on lenses, mirrors and systems of lenses 
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and mirrors. There is, however, a diversity of opinion as to the 
best rule to adopt, and other rules equally good are possible. The 
Report on the Teaching of Geometrical Optics, issued by the Physical 
Society in 1934, recommends two possible systems, which are given 
below, so that the student or teacher may choose the one he finds 
most useful. It is advisable that either the system of signs used in 
this book should be retained, or that one or other of the two systems 
suggested by the Physical Society should be adopted and used 
throughout. 


The adoption by practical opticians of the positive sign for the 
power of a converging lens renders necessary a change of sign in 
passing from focal lengths of lenses (p. 592) to dioptres (p. 600) in 
the system used in this book. In order to avoid this change of sign, 
the Report suggests, in the first place, that the powers of lenses that 
produce convergence shall have a positive sign. Similarly, diverging 
lenses shall have negative power. 


In order to attain this, there are two alternative systems of signs 
suggested. In the first system the signs of u and v as used in this 
book (pp. 567 and 588) are reversed, so that the direction of the 
incident light is the positive direction, and vice versa. 

This simply means a reversal of all signs on pp. 588-599 for lenses, 
the focal length of a converging lens being then positive, while the 
lens and mirror equations are all unchanged. 3 

Thus, the Example on p. 592 would be worked as follows : 


1 1 IN ia 
PE (3: t6)=a(ae)s 
; f=+ = +192 om 
|e 
Again, PTEE i 
Le igs 
v 32 96’ 


a ER 
» 96 32 . 9% 
v= +48; that is, 48 cm. from the lens on the side remote from the object. 


The case of the mirror is considered by opticians as not so 
important as that of the lens, and the inconsistency remaining 
in this system is ignored. Thus, applying the new convention. to 
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a concave mirror, u and v are negative (Fig. 514), and the equation 
H i makes f negative. Now the Report recommends that “an 
v u : 

instrument is said to be of positive power if it produces an inverted 
image of an infinitely distant object....” And again, “As the power 
will often be defined as the reciprocal of the focal length expressed 
in metres, it will be natural to give the focal length the same sign 
as the power. We recommend this as a general convention.” It 
thus appears that the result of the system suggested in the Report 
is to change the opposition of sign between f and F from lenses to 
mirrors. | 


Thus a -4 gives a negative sign to f. 


It is also suggested in the Report that. wherever possible the 
equations should be given in terms of power instead of focal length. 


Thus the equation ` -— , — | would be written ; - “=F, since F=4 


f 


where f, u and v are given in metres and F in dioptres. This may 
be convenient in some cases, but it is doubtful if it is of general 
advantage. ii. 


The alternative system suggested in the Report would make a 
change in the lens equation but would leave tho focal length of a 
converging lens or mirror positive. The positive signs are assigned to 
wù and v when they measure distances through which the light has actually 
travelled. Thus wu is positive when the object is real, and negative when it is 
virtual. The same statement applies to v and the image. The distances 
are measured along the rays, but when these are near the axis the 
distances are sufficiently near to the lengths w and v as they have 
been used. 


Thus, in Fig. 545, OB and Ob are both positive, while in Fig. 546, 
OB is positive and Ob negative. The chief advantage of this system 
_is that the formulae for both lenses and mirrors have the same form, 
namely, 

F] 
=- p> 
R) 

On this system the signs to be given to radii of curvature (p. 591) 
are not so readily found. A curved surface has two sides, and a 
Positive sign is given to the refractive index of the medium ^n the 
concave side and a negative sign to the refractive index of the medium 


XLVI E CONVENTION OF SIGNS 6000 


on the convex side. The algebraic sum of the two refractive indices 
then determines the sign of any radius in the expression 


Thus, for a double convex lens (u=1°5) in air; the first surface, 
fı, is convex in air and concave in glass and the sign of r} is therefore 
the sign of (—1+1°5), that is, it is positive. For the other face, 
Tə the surface is concave in glass and convex in air, so that the sign 
of (1°5 — 1) is the sign of r,, that is, it is positive. Hence by a similar 
reasoning a surface of glass, concave in air, wili require a negative ~ 
sign for r. 


\ 


The Example on p. 592 would then be worked as follows: 


m= +24, r=+16. 


] l l r 
[5 -= zA L ; s$ 
f (u Nes T2 
1 l 1/5 
=(15-1) (37+ 76) =3(as) 
; fa+ B= +192 om ae 
; PEAN 5 
Again, viuran 
pr 
» 32, 967 
Was soe 
v 96 32 96° 


v= +48; that is, the image is real and is 48 cm. from the lens on the 
side remote from the object. . 


For the Example on p. 569, omitting the calculation of size : 


(a) u= +60," f=+15; 
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The image is real and is 20 cm, in front of the meer, ” ia $ 
(b) u= +60, * f=-15, Sa A 
i + 4 == 4 # ; s% : 
pew Ff S 
ree | 1 i 
: bo 80, We a į 
1 ae 5 e- Sad > 
: 3 G0 167 thy 
* + 2) —— =A, F En r 


i . " i E ; 
and the image is virtual and is situated 12 cm. behind the mirror, > 
EXAMPLE.—The faces of a double concave lens have radii 18 cm. and 
24 cm. respectively, and the focal length of the lens is 20 cm. What is 
the refractive index of the glass ? = E : 


' 4 w 
, 4 th x 3 i e yÉ 
Using the sign convention of pp. 567 and 592, K ae" 
r= +18, Ty — 24, and f= +20,. en aa 
1 Ki id , okt a ee 
aE, en EPE PRT TT A seeeeeeeee (p. 592) 
f ry 12 ‘ See. 
l / f 1 f ds Épi L yE Ee 
ra= -D (15ta) TOE pS 
from which KUZIDI E ge eee 
Using the Report convention on p. 6004, i w pact = 
r=- 18, m= +24 and f= — 20, ie i 2 
REPA | ) ? 
PEN 7-2 ‘> 
l g ) k 
a=e-D(- 0: a i 
giving u= 1°51. * Á gis : 4 À 
Again, using the Report convention on pp. 6008 and'6006, ` e 
rı=-18, r= -2M and f= —20% à S 
ce aa 1 ) & 3 
pzu- +i sa seveesen(Ps 6000) 
1d G 
-207% Die Är G N 
giving, as before, pesde5 1. i a gx 
= x hag §? 


EXERCISES ON CHAPTER XLVI. 


1. Find by a graphical construction the size and position of the image 
of an object 4 inches long, placed perpendicularly on the axis of a thin 
convex lens of focal length 7 inches, at a distance of 17 inches from the. 


lens. Sen. Camb. Loe, 
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2. The focal length of a convex lens is 20 cm. ; where must an object 
be placed so as to obtain a real image five times as long as the object? 


3. An upright image is formed of an object by means of two convergent 
lenses of equal focal length. Show that the distance between the two 
lenses must be at least equal to double the focal length of one lens ; and 
draw a diagram illustrating the course of the rays through the lenses. 

L.U. 

4. Define the focus of a lens. A source of light and a screen are placed 
150 cm. apart. Where should a convex lens of 20 cm. focal length be 
placed in order to form a real image of the source upon the screen? 


5. An arrow 5 centimetres in length is laid along the axis of a con- 
vergent lens of which the focal length is numerically equal to 10 cm. If 
the arrow points towards the lens, its head being at a distance of 20 cm. 
from the lens, what will be the position and character of its image? 


6. Two convex lenses each of focal length f are placed at a distance 
3f apart. For what positions of the object will a real image be formed 
by this combination of lenses? EU: 


7. Find the length of the image of a straight luminous filament 3 cm. 
long placed along the axis of a thin lens of 12 cm. focal length with its 
near end 21 cm. from the lens. What would be the length of the image 
- if the filament was perpendicular to the axis of the lens and 21 cm. from 
the lens ? L.U. 


8. Calculate the curvature necessary for the faces of an equi-convex 
lens of 6 inches focal length made of glass if refractive index is 1-55. 
Find the focal length of a lens which magnifies three times an object 
placed 2 inches from it. LAU, 


~ 9. A beam of light diverges from a point P on the axis of a convex 
lens and after passing through the lens is reflected from the surface of a 
convex mirror. The reflected beam is brought to a focus by the lens at 
a point coinciding with P. Find the radius of curvature of the mirror, 
being given that the distance of the lens from the mirror is 10 cm., the 
distance of P from the mirror 30 cm., and the focal length of the lens 
12 cm. LU: 


10. Two convex lenses, each of focal length 20 cm., are situated 10 cm. 
apart, and have a common axis.. An object 2 cm. in height is placed at 
a distance of 15 cm. from the first iens. Find the size and position of 
the final image. Give diagram. L.U. 


11. Light is converging towards a point situated 15 cm. behind a diverg- 
ing lens of focal length 20 cm. Find the position of the point at which 
the light will actually come toa focus. 

12. An object 1 foot in size is situated at a distance of 10 feet from a 
converging lens of focal length 2 feet. After passing through this lens, 
the light falls upon a diverging lens of focal length 6 inches, situated 
2 feet from the first lens. Find the position and size of the final image. 


13. At a distance of 9 inches in front of a convex lens of 6 inches focus 
is placed a convex lens of 3 inches i ; 6 inches in front of this is placed 
D.S.P. Q 
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an object. Make a sketch, approximately to scale, showing the paths of 
the rays through the system. What is the nature of the final image ? 
Allahabad University. 


14. Show how the focal length of a convex lens depends on the curvature 
of its surfaces. A small object is enclosed in a sphere of solid glass of 
7 cm. radius. It is situated 1 cm. from the centre, and is viewed from the 
side to which it is nearest. Where will it appear to be if the refractive 
index of the glass be 1-4 ? Madras University. 


15. Explain in general terms why a glass lens which is thicker in the 
middle than at the edges deviates parallel rays of light in such a manner 
as to bring them to a focus. , 

A convex lens, of focal length 10 cm., is used to form an erect image of 
an object, the image being twice as large as the object. Find the position 
of the object. L.U. 


16. Derive a relation connecting the distances of object and image 
from a converging lens with the focal length of the lens. 

A converging lens of 4 inches focal length is employed to form an image 
magnifying the object three times. Show that there are two possible 
positions of the object. Distinguish between the images formed in the 
two cases. » L.U. 


17. A convex lens casts an image equal in size to the object which is 
placed 20 cm. away from the lens. If another lens is placed in contact 
with the first, the image is found to be reduced to one quarter of its previous 
linear dimensions. What are the focal lengths of the two lenses used ? 

Ge L.U. 


18. Deduce an expression for the focal length of a thin lens in terms of 
the curvatures of its faces andsthe refractive index of the glass. 

The curvatures of the two faces of a lens are 0-0166 and 0-05 cm™. 
respectively, the former being concave and the latter convex. What will 
be the refractive index of the glass if the focal length is numerically 60 cm. ? 

L.U.H.Sch. 


19. Deduce an expression for the magnification produced by a single 
lens. 

A lens forms on a screen an image 4 cm. long of a linear object. On 
moving the lens 20 cm. along its axis, keeping the object and screen fixed, 
another image is produced 3 cm. long. Find the focal length of the lens 
and the length of the object. a L.U.H.Sch. 


20. A parallel beam of light falls upon a glass cylinder (refractive index 
1:5) whose axis is perpendicular to the direction of the beam. Trace the 
course of a series of rays through the cylinder. 

The apparent diameter of the bore of a thick-walled glass tube is measured 
by means of a travelling microscope moved perpendicularly to the length of 
the tube and to the axis of the microscope. Show that this apparent 
diameter is u times the true diameter of bore, u being the refractive index 
of the glass. C.W.B., H.C. 


CHAPTER XLVII 


OPTICAL INSTRUMENTS 


Photographic camera.—Perhaps the simplest application of lenses 
for optical purposes is found in the photographic camera, in which 
a lens, or lens system, produces a real image of an external object. 
The lens system L (Fig. 555) may 
be a single converging lens, or a 
combination of lenses, but in any 
case, for purposes of the simple 
theory, it may be considered as 
equivalent to a single lens, and it 
produces a real image upon the “ 
screen P. This screen may be a 
sheet of ground-glass, for thes ` 
purpose of focussing the image, Ù — 
the lens being moved backwards 
or forwards by means of the rack 
and pinion R. P is then replaced by the sensitive plate for the 
production of the photograph. The bellows B serve to exclude all 
light that does not contribute to the formation of the image. 


Fig. 555.—Photographic camera. 


The definition or sharpness of the image can be varied by means 
of the diaphragm or stop at F, which is a screen having a circular 
aperture, and cuts off any light that does not pass through the central 
parts of the lens. The smaller the diameter of this stop the better 
is the definition, as each point on the object then produces a better 
‘ point focus ’ (pp. 562 and 587). 

In photography it is necessary that the image should be as bright 
as possible, but a reduction in the size of the stop cuts off light, and 
hence diminishes the brightness of the image. The choice of stop 
is always a matter of compromise. The intensity of illumination 
of the image depends upon the focal length of the lens, and if we 
take an image at the principal focus, the area of any piece of it 
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is directly proportional to f? (p. 595). Hence the intensity of illumi- 
nation is inversely proportional to f?. Now the amount of light 
passing through the lens is proportional to the area of the stop, and 
therefore to d?, if d be the diameter of the stop. Hence, for constant 
brightness for all lenses, under the same external conditions of 
illumination, d?/f? must be the same, since the brightness of the 
image is proportional to this quantity. For this reason the stops 
supplied with a lens are usually such that d?/f? is proportional to 
the numbers 1, 2, 4, 8, 16, 32, and 64. 
These stops are usually marked 


f/64, f/45, f/32, f/22, f/16, f/11, and f/8, 

the diameters being 

on T5» 3z- etc., of the focal length of the lens, 
because 64, 45, 32, 22, 16, 11, and 8 are the nearest whole numbers 
that would make d?/f?, and therefore the brightness of the image, 
proportional to, 1, 2, 4, 8, 16, 32, and 64. 
On this system, exposure tables, properly determined, apply to all 
lenses, whatever the focal length. 


Projection lantern.—Optically, this lantern is similar to the 
photographic camera, because a single Jens, or lens system, produces a 


Fia. 556.—Arrangement of lenses in a projection lantern. 


teal image. Thus the lens L (Fig. 556) produces an image of the 
transparency O upon the screen I. Since O is near the principal 
focus of L, the image is large (p. 595), and if the screen be of suitable 
white material, the image may be exhibited to a large audience. 
The transparency O is illuminated by a bright source of light S, and 
as much of the light as possible is made to take the direction neces- 
sary to help in forming the image, by means of the condenser C. 
This condenser usually consists of two plano-convex lenses with 
their plane faces outwards. 
+ 
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The magnification is v/u, and hence from the relation 1/v — 1/u=1/f, 
the requisite focal length for any size of screen at a given distance 
may be found. 


EXAMPLE.—Find the requisite focal length for a lens which is to pro- 
duce an image of a slide 8 cm. square, upon a screen 3 metres square, at 
a distance of 10 metres from the lantern, the image to occupy the whole 
of the screen. 


Here, magnification =~ = - metals 
u 8 
: i _ 8000 
Again, v= -1000 cm.; ~. u= 
Hence, from l1_1 LN 
v u 
we have w1 300 2} 
1000 8000 77 
3000. o, 
ts - 303 = -25-9 cm. 


Thus a converging lens of focal length nearly 26 cm. is required. 


Erecting prism.—Since, in the case of the projection lantern, 
the image is inverted, the slide is usually inverted in putting it into 


Fira. 557.—Erecting prism as used with a projection lantern. 


the lantern, so that the picture upon the screen is erect. If it is 
desired to project upon the screen an image of any object, such as 
a liquid in a flat glass cell, the cell must not be inverted, and the 
erecting prism (p. 583) may then be employed. Fig. 557 shows how 
the right-angled prism totally reflects the light, so that the image, 
which would fall on the screen at A when the erecting prism is absent, 
will now fall at B ; the images are thus rendered erect. 


The eye.—Like the camera, the eye may be looked upon as a light- 
tight enclosure with a lens at one end and a screen at the other, the 
lens producing on the screen real images of external objects. The 
eye is really a most complex piece of apparatus, but the complexity 
arises from the necessity for various adjustments. The optical 
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principles involved may, for elementary purposes, be resolved into 
the above simple statement. 


A horizontal section through the eye is given in Fig. 558. The 
thick tough coating s, called the sclerotica, is maintained distended, 
and of a form roughly spherical, by means of the transparent 
gelatinous vitreous humour v. The crystalline lens 0, the aqueous 
humour a, and the cornea or transparent portion of the sclerotica c, 
form a lens system. The inner wall 
of the posterior portion of the 
sclerotica is coated with a tissue 
containing an immense number of 
cells, in each of which is the end of 
a ramification of the optic nerve n. 
This tissue is called the retina, and 
is the sensitive layer upon which 
the luminous images fall. The 
manner in which the brain becomes 
sensible of light fallmg upon the 
retina does not here concern us. 
The iris 7 is a diaphragm which 
Fra. 568.—Horizontal section through plays a part similar to that of the 

- stop of the camera lens (p. 603). 
In the centre there is a circular aperture a called the pupil, which is 
the perfectly black spot usually seen in the middle of the eye. The 
reason for its blackness is that the inner layers of the eye contain a 
black pigment, thus preventing the light which falls on the retina 
from being internally reflected and thus disturbing vision. When 
the external illumination is bright, the pupil becomes smaller, by 
reason of the contraction of a set of circular muscles of the iris. 
When the external illumination is weak, the circular muscles relax 
and certain radial muscles contract, thus enlarging the pupil and 
admitting enough light to effect vision. Hence changes of illumina- 
tion are not consciously perceived until the amount of light is too 
great or too small for the adjustment of the iris to regulate the 
amount entering to a suitable quantity. 

It is clear that, with a fixed lens system, only those objects at 
one particular distance from the eye will produce a sharply focussed 
image upon the retina. For any other distance of the object, the 
image is blurred, and for the formation of a good image in this new 
position, refocussing is necessary. In the camera and lantern the 
refocussing is done by altering the position of the lens, but in the eye, 
the focal length of the lens itself is changed. This is performed by 
the circular muscle c.m. (Fig. 558) called the ciliary muscle. The 
crystalline lens is elastic, and when the eye is at rest, the ciliary 
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muscle is relaxed and the lens is too convex for acute vision. In order 
to focus any object, the ciliary muscle contracts until the lens has the 
right curvature to produce a sharply defined image upon the retina. 
This power of adjustment of the eye is called accommodation ; it is 
involuntary, and is what 
physiologists call a reflex 
action. 

There is another point 
that deserves attention. 
Representing the eye 
diagrammatically in Fig. 
559, we see that the 
object AB is represented 
by an inverted image ab upon the retina. The mind, however, is 
conscious of the presence of the object in the erect position AB. 
This should not cause surprise, for it must be remembered that we 
have no experience whatever of the processes occurring inside our 
own eyes, and the mind has learnt by touch and muscular sense that 
the image ab means the presence of an object as shown at AB. 


Defects of vision.—There are certain common defects of vision 
which may easily be corrected by means of spectacles. 


Myopia, or short-sight. The lens of the eye may be of too short a 
focal length, or the eye-ball may be too long. The image of a point A 
(Fig. 560 (a)) then falls in front 
of the retina at a’. In order to 
bring the image on to the retina 
at a (Fig. 560 (b)), either the 
object A must be moved nearer to 
the eye, or a diverging spectacle 
lens L may be placed in front of 
the eye, in order to increase the 
equivalent focal length. Thus, 
near objects can be clearly seen 
but distant objects cannot, and 
hence the name ‘ short-sight.’ 

In order to find the requisite 
focal length for the lens L, let an 
object be slowly carried away from the eye. At a certain point clear 
vision ceases ; this is called the far point. Let its distance from the 
eye be d. If the eye were normal, the far point would be at infinity, 
and the distance v from the lens to the retina would be f, the focal 
length of the eye lens. But for the far point we have 


Fia. 559.— Inversion of image in the eye. 


Fia. 560.—Short-sight and its correction. 
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Now let f, be the focal length of the lens L required to make v the 
focal length of the combination (Fig. 560 (b)), so that the eye with 
the lens in front can see clearly points at infinity. Then 


aoe (p. 599). 


On comparing these two equations, we see that f, =d, or, the focal 
length of lens required to correct this eye, is equal to the distance of the far 
point from the eye. 

Hypermetropia, or long-sight. In this case the focal length of the 
lens of the eye is too great, or the eye-ball is too short, so that the rays, 
for near objects, cannot be brought to a focus sufficiently forward 
to give a clear image on the retina. Here A (Fig. 561 (a)) must be 

moved further away or 

a converging lens L (Fig. 
A 561 (b)) interposed, in 
order to make vision 
clear. | 

For the normal eye, 
there is a position, nearer 
than which acute vision 
cannot be obtained with- 
out straining the eye. 
The distance of this 
position from the eye 
is about 25 cm., and is 
called the least distance of 
distinct vision. In reading and working, the eye should be at this 
distance from the object viewed. 

It is now required to find the focal length of lens L (Fig. 561 (b))which 
will render a long-sighted eye normal. If the object A be gradually 
brought up to the eye from a distance, distinct vision ceases at some 
point further off than 25cm. This is called the near point. As before, 
let its distance from the eye be d; then 1/v—1/d=1/f. Ifthe eye is 
to be rendered normal, the eye combined with the lens L should have 
a near pointat25cem.; = 1 1 #41 #1 


(a) 


A 
a’ 


z 


Fia. 561.—Long-sight and its correction. 


>. 06 fe 
Comparing this with 1/v—-1/d=1/f, we see that 
Libvde ed 
da 25 af 


from which f, may be calculated. 

There is a form of long-sight which is due to age, and is called 
presbyopia. The crystalline lens loses elasticity gradually all through 
life and consequently its power of recovery on relaxing of the ciliary 
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muscle decreases. Thus an eye which is short-sighted in childhood 
tends to become normal in after years, but an eye which is long- 
sighted is sure to become more so. 

Astigmatism. A very common defect of vision known as astig- 
matism may be noticed. Unless the surfaces of the lens system 
of the eye are surfaces of revolution about the axis of the eye, their 
curvature will not be the same in different planes containing the 
axis. It follows that the focal length of the system is different 
in different planes, and a point upon the object can never be repro- 
duced by a point on the image. This defect may be remedied by 
using lenses with cylindrical surfaces, in order to vary the focal 
length in one plane only. 


Simple microscope.—On p. 596 the virtual image produced by 
a converging lens was studied, and it was seen that the image is 
larger than the object. A lens used in this way constitutes a simple 
microscope. In order to obtain the 
greatest advantage the eye should 
be placed as near to the lens as 
possible. Not only is the field 
then as large as possible, but the 
eye is at the minimum distance 
from the virtual image ab (Fig. 
562). The student should bear Fie. 562.—Single lens used as a simple 
clearly in mind that, for the mos 
greatest advantage in vision, the angle subtended at the eye by the 
object should be as great as possible ; the actual size of the object is 
of no consequence. Thus in Fig. 562 the angles subtended by the 
object AB and by the image ab are the same. But Ob is the least 
distance of distinct vision, and therefore if the lens were absent the 
eye could not see clearly the object situated at AB. The object would 
have to be removed to A'b ; hence the advantage in using the lens. 
ab v 
AB u 
But 1/v—1/u=1/f, and for the greatest advantage, v=25 cm., i.e. 


the least distance of distinct vision ; 
Beeson! = l1- a, 
f u f 3 
Thus, for a converging lens of focal length —2-5 cm., the greatest 
magnification cbtainable is 1 + 25/2-5=11. 


Expr. 137.—Simple microscope. Place a sheet of square-ruled paper at 
a distance of 25 cm. from a short focus converging lens, and place the 


The magnification is 
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eye nearly in contact with the lens. Bring up a small piece of the ruled 
paper towards the lens until the eye looking through the lens can see an 
image of the rulings, at the same time as the other eye sees the sheet. 
Obtain as near a coincidence as possible, and read the number of divisions 
on the sheet, as seen by direct vision, which coincide with one division as 
seen through the lens. This is the magnification produced by the lens. 


Compound microscope.—A converging lens of short focal length 
produces a real image of a small object, the image being viewed by 
another lens, used as a simple microscope. The arrangement 1s 
called a compound microscope. The lens O (Fig. 563) which produces 
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Fic. 563.—Two lenses used as a. compound microscope. 


the real image a’b’, of the object AB, is called the object-glass, or 
objective. The lens E which acts as a simple magnifier to produce 
the virtual image ab is called the eyepiece. 

The lines which are dotted in Fig. 563 are mere construction 
lines for finding the position of the image ab. The full lines represent 
actual rays which pass from A to the eye in helping to form the 
final image a. 

The magnification depends upon the focal lengths of both objective 
and eyepiece. Thus, in a practical case, with an objective of focal 
length 0-5 cm., the image a'b’ may be at a distance of 20 cm. from 
the objective, giving a magnification of nearly 20/0-5=40. Tf 
the eyepiece has a focal length of 2-5 cm., the magnification it alone 
produces is 1+25/2-5=11 (p. 609). Hence the total magnification 
is 40 x 11 =440. 

In practice the objective and eyepiece are not single lenses, but 
combinations of lenses, in order to correct for several defects. In 
Fig. 564 is shown a section of this form of microscope. The objective 
O, consisting of two lenses, would produce a real image at a'b’. The 
first lens E, of the eyepiece, called the field lens, however interposes 
and the real image is produced at S, where a finely divided scale is 


—— 
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situated. The second lens E, of the eyepiece, called the eye lens, 
produces a virtual image at ab. If the scale at S be calibrated 
(p. 20 and Expt. 138) the real size of the object AB may be read off 


FIG. 564.—Compound microscope. 


upon it, care being taken that the real image is in focus in the plane 
of the scale. This may be assured by moving the eye laterally, when 
the images of the object and the scale should not move relatively to 
each other. The scale in the eyepiece should be fixed in such a 
position that the final image ab is 25 cm. from the eye. E 


ExPT. 138.—Magnifying power of a microscope. Place a test object of 
known size, such as is supplied by instrument makers, upon the stage of a 
microscope, and place a scale graduated in millimetres, alongside of the 
tube of the instrument. Let the scale be 25 cm. from the eye, and arrange 
it so that it can be seen by the eye that is looking through the microscope. 
Focus until the image in the 
microscope can be seen simul- 
taneously with the scale, and 
read off its apparent size upcn 
the scale. Knowing its true size, 
the magnification can be calcu- 
lated. 


Immersion objective.—For 
very high-power microscopes, 
the illumination of the field 
of vision becomes very small <a 
owing to the magnification, 7 
unless precautions are taken : 
to get as much light as possible ‘ 
to pass through the objective ‘ 
and so contribute to the for- 3 
mation of the image. With : 
lenses as usually employed, 
only the central parts may be F149. 565,—Immersion objective. 
used (p. 587), since lenses are pi A 
not as a rule aplanatic. There is one case, however, in which a 
spherical surface is aplanatic (p. 590), and this type has been made 
use of for high-power microscopes. AB (Fig. 565) is the lowest lens of 
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the objective. It is plane on its under side A, and its upper surface 
B is spherical. The space between A and the microscope slide is 
occupied with cedar-wood oil, which has the same refractive index as 
glass, so that the object O may, for optical purposes, be considered 
to be within the sphere B. O and O, are aplanatic points with respect 
to B, so that the wide cone of rays, after refraction at O, diverges 
from O,. The surface C of the next lens is spherical and has O, as 
centre, so that the rays are not bent on entering; but the surface D 
is spherical with O, and O, as aplanatic points. On leaving D the 
rays are not diverging too much to be made use of in the microscope, 
and they are all diverging from the point O,. Evidently more light 
is made use of than if the object O were placed at O, and the oil 
immersion and lens AB were absent. 


Astronomical telescope.—The principle of the telescope is similar 
to that of the microscope, but modifications are made to meet the 


Fi@. 566.—T wo lenses used as an astronomical telescope. 


change in purpose, viz. the viewing of distant objects. A lens, again 
known as the objective, produces a real image of the object to be 
examined, and this image is observed by means of an eyepiece. 

In Fig. 566 O represents the objective which produces the real 
image a'b’ of the distant object. This is viewed by means of the 
eyepiece E, giving the virtual image ab. 


Owing to the great distance of the object, the rays from any point 
of it are sensibly parallel on reaching the instrument ; hence a’b’ is at 
the principal focus of the objective. It follows that Pb’ is the focal 
length of the objective. In focussing the telescope, the observer 
unconsciously arranges the virtual image ab to be also at infinitv 
so that Qb’ is the focal length of the eyepiece. In observing distant 
objects, it is their apparent size only that concerns us, and this is 
determined by the angle they subtend at the eve. Without the 
telescope the angle subtended by the object. would be a; with the 
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telescope the angle subtended by the image is $, or La'Qb'. Hence 
the magnification is 


a'b' 
B_a’Qb’_ QD Pb’ 
a ab ab Qb. 
Pb’ 


Focal length of objective 
Focal length of eyepiece 


Thus, for great magnification, the objective must have a long 
focal length and the eyepiece a short one. 

Surveying telescope.—When the telescope is to be used for the 
measurement of altitude (p. 560), or for the angle subtended by a 
base line at a distance, the eyepiece must be provided with cross wires 
which meet on the ‘axis of the instrument. These must be placed 
at the position of the real image produced by the objective. 


Hence Magnification = 


Fic. 567.—Surveying telescope. 


If the instrument is to be used to measure distances merely, a 
staff, or scale is set up at the point whose distance away is, say, d. 
Then the image falls upon the cross wires s (Fig. 567), and the 
distance apart of two parallel cross wires being s, and a length | of 
the staff coinciding with s, as seen through the telescope, we have 
d/r=l/s (p. 595), where r is the distance of the cross wires from the 
objective. Thus r, s, and l being known, d, the distance of the staff, 
can be calculated. A correction must be made for the fact that d 
is the distance of the staff from the objective and is not measured 
from the axis of the stand of the telescope, and also that the position 
of the cross wires must be varied in order to focus for different 
distances of the staff. 

Annallatic telescope.—The above correction is avoided in some 
cases by the addition of an extra lens, known as the annallatic lens. 
In Fig. 568, L is the annallatic lens. To understand the principle, 
notice that a’b’ is the real image of the staff AB, and two cross wires 
are placed there at a fixed distance apart. Thus a’ is at a fixed distance 
from the axis of the telescope. For the sake of clearness, only half 
of the staff AB and its image a’b’ are shown in the diagram. Consider 
a ray AgfCa’ which is parallel to the axis on leaving the lens L. 
Whatever the distance of the staff, this ray follows the path gfCa’, 
and hence before meeting the objective O it is travelling towards 
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some fixed point P of the telescope. Thus the triangle APB has fixed 
angles, and for two positions of the staff, such as AB and A'B’, we have 
AB/BP =A’B’/B'P. Hence the reading of the image of the portion of 
the staff intercepted by the cross wires at a’b’, being proportional 
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Fia. 568.—Annallatic telescope. 


to AB or A'B’, is proportional to the distance of the staff from the 
fixed point P. If the point P is situated at the axis of the theodolite 
or stand of the instrument, the staff reading intercepted by the cross 
wires is proportional to the distance of the staff. The constant 
required in order to convert the intercept by the cross wires mto 
the distance of the staff may be determined by taking a reading at 
a known distance, or it may be calculated from the focal lengths 
and positions of the lenses. ! $ 
Terrestrial telescope.—In the above types of telescope, the image 
is inverted. This is objecticnable for many purposes, and hence 


Fig. 569.—Use of erecting lenses in terrestrial telescope. 


most terrestrial telescopes are provided with a pair of lenses whose 
function is to invert the already inverted image produced by the 
objective. In Fig.569, a'b’ is the real image produced by the objective 
which is not shown. This falls at the focal distance from C, the 
rays thus passing as parallel beams to D, which brings them to a 
real focus at ab’. The eyepiece E produces a virtual image ab of 
a"b", which is then erect. The pair of lenses C and D have equal 
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focal lengths and are placed at twice their focal length apart, their 
“cod function being to invert the image and so act as erecting 
enses. 

Galilean telescope, or opera-glass..—The pair of erecting lenses 
C and D in the terrestrial telescope cause loss of light by reflection 
at their surfaces, and also add to the length of the instrument. In 
the case of the opera-glass, these defects are eliminated, but the 
magnification produced is not so great as with the terrestrial telescope. 


FIG. 570.—Two lenses used as a Galilean telescope. 


The objective O converges the rays towards the point a’ (Fig. 570) ; 
but before they come to a focus, the strong diverging lens E is inter- 
posed. This causes the rays to diverge, giving a virtual image at 
ab, which will be seen to be erect. 

The eye lens E must be so placed that the final virtual image ab 
is at infinity, which means that the rays emerging from E are practi- 
cally parallel. Hence a'b’ is at the focal distance from E, or QU’ is 
the focal length of the eye lens. Similarly, Pb’ is the focal length 
of the objective. Also the magnification produced is aQb/a’Pb’, as 
on p. 613, that is a’Qb’/a’Pb’. Since all the angles are small, 
a’Pb’ =a’'b'/Pb’, and a’Qb’ =a'b'/Qv’ ; . 

a’Qb’ Pb’ 

eis A Op: 
sane Focal length of objective 
qt, ae Se Focal length of eye lens | 

Prism binoculars.—For producing the second inversion in the 
terrestrial telescope, total reflection prisms are sometimes employed 
in place of the erecting lenses. The rays from the objective are 
reflected by the prism P (Fig. 571) and retraverse the length of 
the instrument. They are then again reflected by the prism Q, 
eventually passing through the eyepiece E. Thus the optical 
length of the instrument is three times its actual length, and hence 
a longer focus objective can be used and higher magnification 
obtained than for the same length of instrument without prisms. 
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From the fact that these instruments are usually made in pairs. 
one for each eye, they are generally termed prism binoculars. 


Fig. 571.—System of lenses and prisms in prism binoculars, 


Expr. 139.—Magnifying power of a telescope. Focus a telescope on a 
vertical scale placed at a distance of at least 10 metres, and with the other 
eye observe the scale direct. Move the head until the direct scale and the 
image are in the same plane, parallax being thus avoided. Observe the 
number of scale divisions seen by direct vision which coincide with one 
image division. This is the magnification produced by the telescope. 


The periscope.—A pair of plane mirrors parallel to each other 
and one vertically above the other, constitute a simple form of 
periscope ; but unless the mirrors are close together the range of vision 
would be limited to a small angle. In the submarine boat it is 
necessary to have the upper mirror about 20 feet above the lower, 
and since the tube between them has a diameter of about six inches, 
the angle of vision would be limited to that obtained by looking 
along a tube 20 feet long and six inches wide, unless some lens system 
were employed. 


The method adopted for getting over this difficulty and increasing 
the angle of vision, is to employ a number of telescopic systems. 
In Fig. 572 is represented a periscope consisting of two systems 
EO and O'E’; the former is inverted, that is, has its short focus 
lens E ard: the object. To understand its use, reference may 
be made to Fig. 566, in which it will be seen that the rays entering the 
objective are much less inclined to the axis than the rays, leaving 
the eyepiece. On applying the eye to the objective and directing 
the eyepiece towards the object, that is, on looking through the 
wrong end of a telescope, the object appears much smaller than 
usual, but the range of vision is great. 

Thus in Fig. 572 the rays from the object fall on the 45° prism P, 
and are reflected downwards ; the lens E then produces a real image 
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a'b’. This image is at the principal focus of O, so that the rays 
emerge from O parallel, and also are very nearly parallel to the axis 
of the tube. The function of the 
reversed telescopic system EO is 
thus to render the rays, coming 
from a wide field, nearly parallel to 
the axis of the tube. If the eye 
were to look through O, a very 
much diminished image would be 
seen. The function of the telescopic 
system O'E’ at the lower end of 
the tube is to produce a magnifi- 
cation, which in practice a little 
more than compensates for the 
diminution produced by the upper 
telescope. The total magnification 
of the two systems is about 1}. 
Before the rays from O’ come to 
a focus to form a real image, the 
45° prism P, is interposed, which 
renders the rays horizontal and 
also produces a final rectification 
of the image a’b’, so that the 
image ab seen on looking through 
E’ is erect. There is always some 
arrangement of gearing to enable 
the tube with the upper prism P, 
to be rotated in order to enable 
the observer to look out in any j 
desired direction. Fig. 572.—Submarine periscope. 
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Range-finders.—In order to measure the distance of an object 
from the observer, the method of the staff and telescope may be 
employed (p. 613), but this involves the placing of a standard of 
length in the position occupied by the object. This is for many 
purposes inconvenient, and various range-finders have been devised 
in which the standard of length is at the observing station. An 
instrument devised for this purpose is called a range-finder. 


If the object be at infinity, rays from it such as AB and CD (Fig. 573) 
are parallel, and if reflected from two mirrors, as shown at B and D, 
the rays travel along BE and DE respectively. Two mirrors, m, 
and m, one above the other, now reflect the rays to G, and the eye 
will then see the two images of the object superimposed. If. how- 
ever, the object be at a finite seed say at A, the mirror D must 

D.S.P. 
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be rotated in order to reflect the ray AD along the path DE, so that 
the two images of A may be superimposed. The amount of rotation 
of the mirror D determines the angle CDA 
or BAD, and thus the distance AB becomes 
known in terms of this angle and the fixed 
distance BD. 

When the distance AB is great com- 
pared with BD, the angle of rotation of 
the mirror D, to effect the adjustment, 
is so small that it cannot be measured 
with sufficient accuracy to afford a 
useful measure of the distance AB. To 
get over this difficulty the range-finder 
of Barr & Stroud makes use of another 
device. Instead of rotating the mirror 
D (Fig. 574) an achromatic prism P of 
small angle is interposed between D and 
the pair of mirrors m, and m,. These 
<a mirrors are situated one above the other 
Fia. 573.—Principle ot the range- so that the upper part of the object 

occupies one half of the field of vision 
and the lower half of the object the other. The mirror D is not 
quite at right angles to the mirror B, so that the two halves of the 
image of an object at infinity form one continuous image when the 
prism occupies a position such as P. The prism is rigidly attached 


A 


Fia. 574.—Principle of the Barr & Stroud range-finder. 


to a carrier provided with a scale S, and the scale is at the infinity 
mark as seen by the left eye looking through E’ at the fixed mark I 
when AB and CD are parallel. 

When the object is not at infinity, the rays AB and C’D from it 
are inclined to each other, and the prism must be moved to P’ in 
order that the two halves of the image shall again be continuous. 
The scale is so calibrated that its new position indicates directly 
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the distance of the object under observation. Owing to the small angle 
of the prism, the deviation it produces is slight, and a considerable 
travel of the prism and scale is required to compensate for the want 
of parallelism of the rays AB and C’D. This allows of a scale suffi- 
ciently open to enable distances up to 1000 yards to be measured 
with an accuracy of about 1 per cent. The objectives O} and O, 
together with the eyepiece E really form a pair of telescopes. The 
mirrors B and D are of speculum metal, and in the later forms of 
instrument m, and m, consist of a suitable set of 45° prisms. The 
optical and mechanical refinements cannot be described here, but 
it may be noted that F is a lens used to illuminate the translucent 
scale S. The lens E’ is in two parts, the upper for the observation 
of the scale, while the lower half is a diverging lens which, with F, 
forms a Galilean telescope which acts as a wide range low-power 
finder to enable the observer to sight the 
instrument rapidly on any desired object. 
The distance BD is 44 feet in the larger 
instruments and 2 feet in the portable 
instrument. 

Constant deviation reflecting prism.— 
The mirrors at B and D (Fig. 574) are 
required to produce a constant deviation 
(90°) of the incident beam AB or CD. For 
this reason the mirrors B and D must be 
rigidly fixed, since any movement of one 
or the other will vitiate the observations 
of the range of the distant object. To 
get over this difficulty, prisms have been 
employed as reflectors in the more recent 
range-finders. The incident ray PQ (Fig. 575) passes normally 
through the face AB and is internally reflected at the face ED. Its 
path is then QR, and it is again reflected at the face BC, and finally 
emerges normally through the face AE. Since the angle between 
the faces BC and ED is constant, the deviation of the ray under- 
going two reflections is likewise constant (p. 558), and is given by 

deviation = 27 — 20, 
where 0 is the angle between the two reflecting faces. In this 
case the deviation is 270° ; 

<". 270° =360° — 20, 

0=45°. 

Thus’ the faces BC and ED are inclined at an angle of 45° to each 
other. The total deviation of the ray is then 270° or 90°, as is required, 
and if the prism be displaced or rotated, this deviation is unchanged. 
If the prism be rotated slightly, the angles of incidence and emergence 


Fig. 575.—Constant deviation 
reflecting prism. 
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are no longer 90°, and refractions will occur. It can easily be seen, 
however, that the refractions at incidence and emergence are equal 
and opposite so that the total deviation is not affected. Prismatic 
reflectors have the further advantage over metallic mirrors, that 
the faces do not tarnish, so that no repolishing is necessary. 


EXERCISES ON CHAPTER XLVII. 


1. Describe some form of telescope and explain its action, illustrating 
your answer with a diagram. 


2. Describe the optical arrangements of the eye. 
_ A short-sighted person sees distinctly at a distance of 44 inches. What 
kind of lens is necessary to enable him to see clearly at a distance of 
10 inches and what must be its focal length ? 


3. State the meaning of the magnifying power of a telescope. 
Draw a diagram showing how a convex lens and a concave lens may 
be arranged to form a telescope. 


4. Describe the use of (a) a microscope, (b) a telescope. With a 
telescope the final image is smaller than the object. Explain how this 
is reconcileable with the use of the telescope. 


5. What do you mean by the magnifying power of a telescope ? 
Two convex lenses, of 6 cm. and 12 cm. focal length respectively, are 
combined to form a telescope. Draw a diagram showing the paths of the 
rays by which the image of a distant object is formed. Calculate the 
magnifying power. 
6. What is accommodation and how is it effected ? 
What spectacles are required by a person, whose minimum distance of 
distinct vision is 8 ft., to enable him to read a book at a distance of 18 
inches ? Sen. Camb. Loc. 


7. Give a diagram illustrating the arrangement of two converging 
lenses to form a compound microscope, showing the paths of some of the 
rays which form the image. Upon what does the magnifying power of 
the arrangement depend ? L.U. 


8. Compare and contrast the optical arrangements of the human eye 
and those of the photographic camera. i 
A short-sighted person can only see objects distinctly if they lie between 
8 cm. and 100 cm. from the eye. What spectacles would he require in 
order to see a star distinctly ? With these spectacles what would be the 
least distance of distinct; vision ? f 


9. Explain, with the aid of a diagram, the formation of an image by 
means of a compound microscope comprising two single lenses. If the 
observer sees a distinct image at a distance of 25 cm., find the position 
at which the object must be placed, the focal lengths of the lenses being 
5 cm. and l cm., and the distance between them being 20 cm. Calculate 
also the magnifying power. L.U, 


10. Calculate the focal length of a lens which would produce an image 
ô feet square of a lantern slide 3 inches square, the screen on which the 
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image is to be formed being 20 feet from the lantern. Show by means 


of a diagram how the slide would have to be placed to give an erect image 
on the screen. L.U. 


11. A person whose nearest distance of distinct vision is 15 cm. uses a 
lens of 5 cm. focal length to magnify a small object. What is the distance 
of the object when in focus, and what magnification is obtained? L.U. 


12. When does total reflexion of light occur? Give examples of the 
use of total reflexion in the construction of optical instruments. L.U. 


13. A convergent lens of focal length 30 cm. and a divergent lens of 
focal length 5 cm. are used to form a Galilean telescope. Draw the arrange- 
ment, showing two of the rays which go to form the final image. What 
is the magnifying power of the instrument ? iU. 


14. You are given two convex lenses of focal lengths 16 cm. and 4 cm. 
respectively. How will you arrange the lenses to form a telescope ? 

Give a diagram to show the paths of the rays of light through the arrange- 
ment, and determine its magnifying power. The Presidency College. 


15. In a simple form of astronomical telescope the focal length of the 
object glass is 30 inches, that of the eye-piece is 2 inches. Calculate the 
magnifying power when the final image of a distant object is seen (i) a 
long way off, (ii) at a distance of 12 inches. 

Find the distance between the two lenses in each case. Give illustrative 
sketches to show the formation of the images. Bombay University. 


16. Describe the eye as an optical instrument and compare its action 
with that of the photographic camera. 

What lens would be required to enable an eye that cannot focus objects 
nearer than six feet to read a book at ten inches distance ? 


17. Describe diagrammatically the two commonest defects of vision. 

A long-sighted person whose nearest distance of distinct vision is 50 cm. 
finds that this distance is reduced to 20 cm. by using spectacles. Find the 
nature and focal length of the lenses used. L.U. 


18. Describe an astronomical telescope and draw a diagram illustrating 
the passage through the system of a pencil of light from a non-axial point. 
on the object to the eye. 7 ee, 

How would you determine experimentally the magnifying power of a. 
telescope ? L.U.H.Sch. 


CHAPTER XLVIII 


PRISMS AND DISPERSION 


Refraction by prism.—In the case of a piece of plate-glass with 
parallel faces, a ray passing through it is undeviated (p. 576). This, 
however, is no longer the case when the faces are not parallel. The 
path of a ray through such a piece of glass, which is, for optical. 
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Fra. 576.— Deviation produced by a prism. 


purposes, called a prism, must be found from a knowledge of the 
refractive index of the material. Thus for a ray PQRS (Fig. 576) 
sin ¢/sin r= p and sin t’/sin r’ =p. The emergent ray RS is not parallel 
to the incident ray PQ, since at each surface there has been a 
bending towards the base of the prism. The angle D between 
the incident and emergent directions is the deviation produced 
by the prism. 

It will be seen from Fig. 576 that at the first surface, the amount 
of bending of the ray is (i-r), and at the second surface (<’ —7’), 
Hence the total bending is (¢—7) +(t’—7’), 


or D = (0-93 (04-9). oi nccsesnseens ote (1) 
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Again, since the sum of the four angles of a quadrilateral is equal 

to 360°, the four angles of the quadrilateral AQFR are together 

360°. But ¿AQF and ZARF are each right angles, and therefore 

A+a=180". Also the three angles of a triangle are together equal 
to 180°, so that r+7’+a=180°. It follows that 


Pe A e E AE EE i E (2) 
This, together with the equation (1) gives 
RSE A T E A E EEE (3) 


The deviation produced by a prism may be demonstrated by means 
of the optical disc (p. 576), by replacing the semicircular glass plate 
in Fig. 522 by a prism. 

Expr. 140.—Deviation by a prism. Place a prism upon a sheet of drawing 
paper and fix two upright pins at E and F (Fig. 577). On looking through 


Fie. 577.— Experiment on deviation by a prism. 


the face AC, the pins will be seen at E’ and F’. Two other pins are then 
placed at G and H, in a line with E’ and F’. Draw the outline of the prism 
on the paper, then remove and draw the lines EF and HG. These cut AB 
and AC at L and M. LM is then the path of the ray through the prism. 
Draw circles with centres at L and M, and also normals; find the refractive 
index by means of the construction given on p. 575. Repeat the experi- 
ment, with a different angle of incidence, and again with another prism of 
different angle. 

Minimum deviation._-Either by means of the optical disc, or 
by means of the prism and pins in Expt. 140, it may be shown 
that a deviation of less than a certain amount cannot be obtained, 
Starting with a great deviation and slowly rotating the prism, it 
will be seen that for a time the deviation gets less. But on con- 
tinuing the rotation the deviation will, after a time, get greater 
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again. The smallest deviation that can be obtained with any given 
prism is called the minimum deviation. 

The position for which the deviation is a minimum is that for 
which the ray passes symmetrically through the prism, that is, 
=r and r=r’ in Fig. 576. 

Thus, in this case, the equations (3) and (2) (p. 623) reduce to 
¢=3(A+D) and r=3A, and since »=sin2/sin r, we have 


= ae TA g Seeccceccscccevcces 


This equation gives rise to the best of all methods for finding 
Tefractive index, since the angle of the prism, and the minimum 
deviation, can be measured with great precision by means of the 
spectrometer, as we shall see on p. 625. 


A consideration of the principle of reversibility of the rays leads 
us to the conclusion that when the deviation is a minimum, then 
=t and r=r’. Consider a ray such 
as EFGH (Fig. 578) passing un- 
symmetrically through the prism, the 
entrant angle of incidence being 7. 
Then a ray HGFE in the reverse 
direction would undergo the same 
deviation, although its entrant angle 
cf incidence 2’ is not equal to ʻi. 
The deviation undergone by this ray 
cannot be a minimum since it occurs 
for two different values of 7, and there 
is only one position of minimum 
ay deviation. Hence the only position 
for which the deviation is a minimum is that for which 7=7’, the 
ray in this case passing symmetrically through the prism. 


FIG. 578.— Deviation produced by a 
prism. 


Expr. 141.—Minimum deviation. Place a prism and two pins E and F 
as shown in Fig. 577. Rotate the prism so that the images E’ and F’ 
approach as near as possible to the positions E and F. In this position 
the deviation is a minimum. Then place the pins at G and H in line 
with E’ and F’.. Draw in the prism and the rays as before and measure 
the angle D between EF and GH, and also A, the angle of the prism, and 
from equation (4) above, calculate ph. 


Limiting angles of prism.—When the prism is very thin, that is, 
the angle A is small. the deviation D is small, as are also 7 and +. 
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and A+D=pA, or D=(u—l1)A. 


Of course when A =0, D is also zero, in which case the prism resolves 
itself into a piece of parallel plate-glass, for which we have already 
seen that there is no devia- 
tion (p. 576). 

On the other hand, there 
is a certain angle of prism 
for every substance, for 
greater values than which 
no ray can traverse the 
prism. For, consider a ray 
making an entrant angle of E 
incidence very nearly 90° as 
EF in Fig. 579. If the angle 
of the prism is such that $ Tae 
L FGP is the critical angle 
for the substance, the ray 
will emerge along GH. For any angle of prism greater than this, 2 FGP 
would be greater than the critical angle, and the ray would be totally 
reflected. Also, a ray such as E’F’G’H’ would be totally reflected 
at G’. For this limiting angle of prism, EFGH is evidently the 
position for minimum deviation, so that r=A/2 (p. 624), also 
sinr=1/p, so that for glass for which »=1-5, r=41° 50’, and A will 
- be 83°40’. For angles greater than this, no ray can pass through 
the prism. | 


Fig. 579.—Limiting angle of prism. 


Spectrometer.—For the measurement of refractive index, the 
angles of deviation and of the prism must be measured with great 
accuracy. For this purpose the spectrometer has been devised. 
The prism rests upon a table T (Fig. 580) which is provided with 
three levelling screws, and can be rotated about the axis O of the 
instrument. The circular scale S’ and the vernier V’ attached 
to the table enable its position to be observed. A slit A is illumi- 
nated by a source of light (usually a sodium burner) and is situated 
at the principal focus of a lens L, so that the rays emerge from L | 
in the form of a parallel beam. A and L are fixed in‘a tube, the whole 
being called the collimator. The parallel beam falls on the prism, 
is deviated, and then reaches the objective M of the telescope, being 
brought to a focus at the cross wires N, suitably placed with respect 
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to the eyepiece E, so that the observer sees an image of the slit in 
the plane of the cross wires. The telescope is carried by an arm 


Fig. 580.—Plan of the spectrometer. ~ 


so that, it can be rotated about the axis O of the spectrometer. Its 


position with respect to the scale S can be observed by means of 
the vernier V. 


EXPT. 142.—Determination of the angle of a prism by means of the 
spectrometer. Focus the cross-wires by drawing the eyepiece of the tele- 
scope in or out. Then focus the telescope on infinity, or on some distant 


Fie, 581.—Measurement of the angle of a prism. 


object. Next turn it to face the collimator, the slit being illuminated by a ` 
bunsen burner, in which some common salt is held on a piece of iron gauze 
or asbestos board. Draw the slit in or out until its image in the eyepiece 
is focussed. The collimator and telescope are then both in focus for 
parallel rays. There is a better method of performing this focussing for 
parallel rays, but this must be left to the more advanced student. 
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Place the prism on the table so that the parallel beam from the collimator 
falls on the angle to be measured. Part of the beam is reflected to the 
left and the remainder to the right, and in each ease the telescope is turned 
until the image of the slit as seen by reflected light coincides with the 
cross-wire (Fig. 581(a)). The venier is then read. The angle between these 
two positions of the telescope is twice the angle of the prism. The reason 
for this is seen on examining Fig. 581 (b); for DCP =20, and - GFQ =26”. 
But, 0 +0 is the angle of the prism, and CP is parallel to FQ, so that the 
angle between DC and FG is twice the angle of the prism. 

There is an alternative method of measuring the angle of the prism, 
which is more advantageous when the angle is large. The image produced 
by reflection at the face AB (Fig. 582) is 
obtained as in the previous case. Keeping 
the telescope fixed, the table carrying the 
prism is rotated until the face AC comes into 
a position parallel to that previously occupied 
by AB, when the image seen by light reflected 
by AC will be obtained. The angle 0, through 
which the prism has been rotated, will be seen 
to be the supplement of the angle of the prism: 

A=180° -@. 

This is the principle of the goniometer, which 
is an instrument for measuring the angles of 
crystals. The design of the instrument differs from that of the spectro- 
meter on account of its different use, but the principle is as described 
above. Measure the three angles of a prism by both these methods and 
show that in each case their sum is 180°. | 


Fig. 582.—Alternative method 
for measuring angle of prism, 


Expr. 143.—Determination of minimum deviation. With the spectro- 
meter set up as in the last experiment, obtain an image of the siit by means 
of light which has passed through the prism. Rotate the table carrying | 
the prism until the deviation is a minimum. Bring the telescope to such 
a position that the image of the slit is on the cross-wire, and read the 
vernier. Remove the prism and take the direct reading with the tele- 
scope facing the collimator. The difference between these two readings 
is the angle of minimum deviation. Knowing the angle of the prism from 
the previous experiment, calculate » from equation (4) (p. 624). 


_ sin $(A +D). 


E singA 
Expr. 144.—Determination of the refractive index of a liquid. lace the 
liquid in a bottle having two plane faces inclined to each other. Find | 
the angle between the plane faces by the method of Expt. 142. Find the 
minimum deviation by the method of Expt. 143, and ealculate u. Empty 
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the bottle and make sure that the faces themselves do not produce any 
deviation. 


Dispersion.—On allowing a narrow beam of light to fall on a prism, 
the emergent beam will not be deviated merely, but will, in general, 
exhibit a variety of colours. | 

The screen B (Fig. 583) placed in a beam of sunlight or in front of an 
electric arc, allows a narrow beam of white light to fall upon the 


Fig. 583.—Dispersion produced by a prism. 


prism A. On placing the white screen C to receive the emergent 
beam, it will be seen that this is spread out as well as deviated, giving 
a band of colour, red at R, passing through yellow, green, and blue 
to violet at V. This band of colour is called a spectrum, and the 
phenomenon of the splitting up of light in this manner is called 
dispersion, i 


If by.any means the differently coloured beams, into which the 
original white beam is decomposed, be recombined, they again form 
a white beam. Thus, if a second prism A’ with its vertex to the base 
of A (Fig. 583) be placed to receive the emergent beams, a white spot 
is produced at W, because of the recombination of the differently 
coloured beams into a white beam. This result makes it appear 
that the original white light consists of a mixture of an infinite 
number of differently coloured portions, and that these have different 
refractive indices and are hence separated in passing through the 
prism. Thus the glass has the greatest index of refraction for the 
violet light and the least for the red. The beam of violet light is 
therefore bent most, on passing through the prism, and the red least. 
Between these extremes there is an infinite gradation of refractive 


index, each variety of tint having its own refractive index for each 
refracting medium. 
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If a narrow slit be made in the screen C, and the light of any one 
colour be allowed to pass through, a second prism will not analyse 
this into fresh colours, but will spread out the beam to a small 
extent. 

Pure spectrum.—tThe arrangement of Fig. 583 is very crude, the 
different beams giving coloured patches of light on the screen, with 
considerable overlapping. The spectrum is said to be impure. A 
Saye bribe vo: be effected by the arrangement shown in 

ig. 584. : | 

_A bright source of light illuminates the slit S, and a lens L is so 
situated that it would, in the absence of the prism, produce a real 
image of the slit at I. On interposing the prism at A, a number of 
images of the slit, R to V, are produced on the screen, on account of 


Fie, 584.— Arrangement for producing coloured images of a slit. 


the varying refractive index of the differently coloured beams. If 
there is no overlapping of the variously coloured images the spectrum 
is said to be a pure spectrum. The pure spectrum is an ideal which 
can never be attained, owing to the infinite gradation in refractive 
index in the light of various colours, but for all practical purposes 
a close approximation to purity may be obtained when the optical 
arrangement is sufficiently good. 

There is a defect in the arrangement shown in Fig. 584 owing to 
the fact that the rays from different parts of the lens make different 
angles of incidence at the prism and are therefore differently deviated, 
the focussing being thereby spoilt. This difficulty may be avoided 
by the arrangement shown in Fig. 585. The slit S is at the principal 
focus of the lens L. Hence the rays falling on the prism A are parallel, 
and each coloured beam emerges as a parallel beam, and is brought 
to a focus by means of the lens M, at some point of the screen RV. 
By using a narrow slit, a good spectrum may be obtained. It will 
be noticed that this is exactly the arrangement of the spectrometer 
(Fig. 580), with the exception that the real images fall upon a screen 
instead of being observed by means of the eyepiece E. By rotating 
the prism into the minimum deviation position for any particularly 
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coloured ray, the index of refraction for this ray may be found. 
Hence the use of the sodium burner flame in Expt. 143 (p. 627). The 


y 


U 


FIG. 585.—Arrangement for producing a pure spectrum. 


spectrum of this light from the sodium flame will be seen to consist 
of one yellow line only, unless the dispersion is very great, and there- 
fore it is commonly used in optical work where homogeneous light 
is required. 


Expt. 145.—Refractive index for different colours. Use a source of white 
light such as an incandescent lamp, and determine the refractive index of 
a prism for the extreme red end of the spectrum and also for the extreme 
violet end. As the spectrum fades off gradually at both ends, these 
values are not of a definite nature, and different observers would find 
= slightly different values, but they will indicate in a general manner the ` 
variation of refractive index in the spectrum. w 


Dispersive power.—For the purposes of measurement, a particular 
red part of the spectrum and a particular blue are chosen, the corre- 
sponding refractive indices being called m and m. The choice of 
_ colour will be discussed in Chap. XLIX. - 

For a thin prism we have seen (p. 625) that the deviation is given 
by the relation, D = (p — 1)A, where A is the angle of the prism. Hence 
the deviation for the blue ray is Dẹ=(m,-1)A, and for the red ray, 
D,=(mr—1)A; therefore, Dy — D, = (pb — pr)A. The quantity Dy —D, is 
the angle between the blue and red rays on emergence from the 
prism, and measures the dispersion produced. If the average 
$ (m +p) be taken as u, we have for the deviation of this mean ray, 


D= ty A 
and — Dist 
: Do D, p- (p 1)A 
Bb ~ Bry 


xiv ACHROMATIC PRISM 631 


The quantity pe is called the dispersive power (w) of the 
material of which the prism is made. 

Hence, Dp -D =oD. 

This equation applies to thin prisms only. . 


Sa 


Achromatic prism.—It is possible to construct a prism which 
shall produce deviation without dispersion, by constructing it of 


SU fol J 


EAZL ST 


v 


LD 


Ir ° 
Fia. 586.— Achromatic combination of prisms. 


two parts made of different kinds of glass. If the prism C (Fig. 586) 
consist of crown glass and have an angle of 60°, and the prism F of 
flint glass, with angle 29°17’, the dispersion produced by each 
is found to be the same, since the dispersive power of the flint glass 
is much greater than that of the crown glass. Hence, as the prisms 
are placed so that the dispersions they produce are in opposite 
directions, the total dispersion is zero, and all the variously coloured 
rays emerge parallel to each other. But the refractive index of 
the flint glass is only slightly greater than that of the crown 
glass, so that the former cannot undo the deviation produced by — 
the latter. Thus the combination produces deviation, but not 
dispersion. . . 

The emergent beam is thus white throughout its central part; it 
will, however, be coloured at the edges, since the displacements 
of the red and blue beams are not quite the same. 

Direct-vision spectroscope.—If the angle of the flint glass prism 
in Fig. 586 be imagined to increase until the flint glass produces 
equal and opposite deviation to that produced by the crown glass 
prism, it will, of course, now produce a greater dispersion. The 
emergent beam will then be dispersed, but its mean position will 
be parallel to that of the incident beam. Thus we get dispersion 
without deviation. $ 

This principle is employed in the construction of the direct vision 
or pocket spectroscope. A train of prisms consisting alternately 
of crown glass, C (Fig. 587) and flint glass, F, produce dispersion, 
but the resultant deviation is zero. Light enters by the slit S, and 
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the lens E produces a virtual image of the slit. When white light 
is used, a spectrum R-B is seen, consisting of the variously coloured 
images of the slit. 
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Fig. 587.—Direct vision spectroscope. 


Chromatic dispersion.—From the above considerations we should 
expect that the images produced by lenses would not be free from 
the effects of dispersion. If the source S (Fig. 588) emits white 
light, the blue rays will come to a focus at B and the red rays at R, 
the glass having a greater refractive index for the blue rays than for 
the red. The other colours will have foci at intermediate points. 


Fra. 588.—Dispersion produced by a lens. 


Thus a screen placed at B will exhibit an image with a red border 
and at R an image with a blue border. There is some point C for 
which the image is less coloured than at others, but it is obvious 
that there is no position for which a point focus for all the rays 
can be found. Hence, for optical instruments, single lenses can never 
produce sharp images when white light is used, as there is no material 
known which has zero dispersive power. 
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Fic. 589.—Two lenses forming an achromatic combination. 


Achromatic lens.—A device somewhat similar to that used for 
prisms (p. 631) may be adopted for lenses, in order to correct for 
chromatic dispersion. Thus it is possible to choose a combination 
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a 
of a converging crown glass lens C (Fig, 589) and a diverging flint 
glass lens F, which shall be converging as a whole, but such that 
the dispersion due to F corrects that due to C. 

Consider equation 1 


which applies for each separate value of u. Then for any lens 
where fs, fr, Ho, pr are the corresponding focal lengths and refractive 


indices for the blue and red rays respectively, and f and u their 
mean values, we have 


goe- -5) and zme-)(5-2); 


> 
T 1s 


since Pe frw (p. 631.) 


Now the focal length, F, of two thin lenses in contact, is given 
by 1/F=1/f,+1/f, (p. 599), and for the separate lenses, 
Bc 
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Now if the combination of the two lenses is to bring all the variously 


coloured rays to the same focus, it must have the same focal length 
for all tbe rays; thus, F,=F,; 


or 


°F #=0, 
fi A 
wS 
a f Wo 


From the negative sign we see that if one is a converging 
lens the other must be a diverging lens. Further, the focal 
lengths must be in the direct ratio of the dispersive powers of 
the materials. Taking the dieperant powers of crown and flint 

D.S.P. s 


634 LIGHT CHAP. 


glass as 0-021 and 0-045 respectively, we see that the diverging l2ns 
F must have 0-045/0-021=2-1 times the focal length of the con- 
verging lens C. 

With lenses not in contact, achromatic arrangements can be 
obtained with glass of one kind; thus the Huygens eyepiece 
(Fig. 564) and the Ramsden eyepiece (Fig. 567) are both achro- 
matic, but the treatment of such combinations is beyond the scope 
of the present work. 


EXERCISES ON CHAPTER XLVIII. 


1. How would you arrange apparatus in order to procure a well-defined 
spectrum upon a screen? Upon what fact does this resolution of white 
light into various colours depend ? 120. 


2. Describe some method of measuring the angle of a prism, proving 
any relation you use. 


3. Show that a ray undergoes minimum deviation by a prism when 
it makes equal angles with the faces on entrance and emergence. 


4. Give an expression for the amount of deviation which a beam of 
light undergoes in passing through a prism of small angle, and find 
a value for the angle of dispersion produced in such a case. 


5. Prove that no ray of light can pass through a prism if its angle is 
greater than a certain amount. What is the relation of this limiting 
angle of prism to the refractive index of the material ? 


6. Describe how the refractive index of a liquid may be determined 
accurately. 


7. Define ‘ dispersive power,’ and find the angle of a prism of dispersive 
power 0-042 and refractive index 1-6, which will render achromatic a prism 
of 5° angle of material having index of refraction 1-5 and dispersive 
power 0-021. 

8. Explain the terms ‘deviation’ and ‘ dispersion ’ ie 
the path of light through a prism. porelo eee 

A glass prism, with a very small refracting angle a, is arranged so that 
an incident ray of light falls normally on one of its faces. If the refractive 


index of the glass is equal to p, find an expression for the deviation of 
the ray that emerges from the prism. L.U. 


9. What is meant by the minimum deviation of a prism ? Establish 
the relation between the angle of minimum deviation, the angle of the 
prism, and the index of refraction. f 


10. Prove the relation connecting the angle of a prism, the deviation 


of light which has passed symmetrically through it, and the index of 
refraction. L.U. 


, 11. Prove that for a definite angle of incidence the deviation produced 
Dy a prism ıs a minimum. How would you determine the refractive 
index of the material of the prism ? Allahabad University. 
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12. Discuss the conditions of achromatism of the combination of lenses 
used as the object glass of a telescope. Calcutta University. 


13. Calculate the focal length of the lens constructed of flint glass of 
dispersive power 0-045 which will render achromatic a converging lens 
of crown glass of focal length 75 cm. and dispersive power 0-021. Also 
find the focal length of the combination. 


14. An achromatic objective glass of focal length 150 cm. is to be con- 
structed of crown glass (u=1-51, w=0-021) and of flint glass (u=1-65, 
w=0-045). Given that the component lenses are to have one face of each 
in complete contact, and that one face of the flint glass lens is to be plane, 
calculate the curvatures of the surfaces. 


15. When using a single lens as a magnifying glass the image is frequently 
found to have coloured edges. Account for this and explain how this 
colour effect may be diminished by using suitable converging and diverging 
lenses in combination. L.U. 


16. What is meant by dispersion of light ? 
Explain how the various kinds of light obtained in a spectrum can be 
re-compounded to form white light. L. 


17. Describe the essential parts of a spectroscope, and give some account 
of its uses. L.U 


18. Describe a spectrometer and the mode of adjusting it to exhibit the 
spectrum of light from an electric arc. What is the characteristic differ- 
ence between the spectra of sunlight and light from the arc ? L.U.H.Sch. 


19. Define dispersive power. Find the relation between the focal 
lengths of two thin lenses in contact in terms of the dispersive power of 
the materials of which they are made, in order that the combination may 
be achromatic for two colours. L.U.H.Sch. 


20. Explain why the image produced by a convex lens is coloured and 
show how this defect is remedied in the construction of optical instruments. 

Describe the construction of a direct vision spectroscope, explaining the 
principle on which it is based. J.M.B., H.S.C. 


21. A thin bi-convex lens is placed with its principal axis first along a 
beam of parallel red light and then along a beam of parallel blue light. If 
the refractive indices of the lens for red and for blue light are respectively 
1-514 and 1-524, and if the radii of curvature of the two faces are 30 cm. 
and 20 cm. calculate the separation of the principal foci for red and blue 
light. 

“What relation does the result bear to the dispersive power of the lens for 
the two kinds of light ? J.M.B., H.S.C. 


CHAPTER XLIX 


COLOUR 


The spectrum.—For the study of colour a large and brilliant 
spectrum should be available. A single glass prism does not pro- 
duce sufficient dispersion to form a long spectrum. Hence a train 
of prisms is sometimes used, as in 
Fig. 590, or a prism of highly dis- 
persive material such as carbon 
bisulphide contained in a prismatic 
bottle. The extreme end of th2 
visible spectrum is a dull red colour, 

FIG. 090, Brain i ai gradually changing to brighter red, 
then orange, yellow, green, green-blue, blue and violet, the intensity 
then falling off gradually. The greatest visible intensity is in the 
yellow. 


Since light and radiant heat have the same character, it is 
important to compare the heating effects of the different parts 
of the spectrum. This mav be done roughly by passing the bulb 
of a delicate thermometer along the spectrum and noting the effect, 
but it is much better to place a thermopile (p. 381) im different 
parts and note the galvanometer deflections. | 

These deflections are proportional to the rate at which radiant 
energy falls on the thermopile. It will be observed that the greatest 
heating effect is in the dark space just beyond the red end of the 
spectrum. This is called the infra-red portion of the spectrum. It 
should be remembered that with ordinary apparatus, the glass lenses, 
prism, etc., absorb a considerable portion of the radiant heat falling 
on them. Thus for research on the heating effect, rock-salt prisms 
and lenses must be used, as these are highly diathermanous (p. 386). 

There is still another way of detecting light, namely, by its photo- 
graphic effect. If the spectrum fall on a sensitive photographic 
plate, which is subsequently developed, the intensity of the photo- 
graphic image is greatest at places beyond the violet end of the 
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spectrum. ‘This is called the ultra-violet region, and the rays here 
are sometimes called actinic rays, on account of their photographic 
activity. They do not differ essentially in nature from the other 
rays, and the special name is hardly necessary. _ 

Thus the whole spectrum is enormously greater than the visible 
part, the latter being merely that part to which the eye is sensitive. 
It will be seen in Chapter L. that light consists of undulations. 
The different parts of the spectrum consists of rays of different 
frequencies. Thus the waves constituting light have, in air, a 
wave-length of 0-0000589 cm. for the light of the sodium burner, 
0:00004 cm. for the extreme end of the violet, and 0-00008 cm. for 
the extreme red. The longest infra-red rays known have a wave- 
length of about 0-01 cm. and the shortest known actinic rays 
0-00001 cm. 


EXPT. 146.—Heating effect in the spectrum. Place a thermopile in 
various parts of the spectrum produced by a carbon bisulphide prism, and 
tabulate the galvanometer deflections observed for different positions of 
the thermopile. 


EXPT. 147.—Photographic effect in the spectrum. Place a piece of 
‘bromide’ paper so that the spectrum falls upon it, leaving a length of 
the paper beyond the violet end. The room must, of course, be darkened. 
After an exposure of about a minute, when an electric arc is used as a 
source of light, remove the bromide paper, develop and fix it, and then 
replace it in its old position. Note that the blackening begins in the violet 
part of the spectrum and is continued far into the ultra-violet region. 


Colours of bodies.—Opaque bodies owe their colour to the fact that 
they do not reflect all the rays composing white light to the same 
extent. Such a body appears red when it reflects red rays copiously, 
but does not reflect green and blue. Also, if the body reflects red 
and green, but absorbs blue light, it appears orange coloured. This 
may easily be demonstrated by placing a piece of red paper, or cloth, 
in different parts of the spectrum. In the red part, the cloth will 
probably appear its natural colour, but in the green and blue regions 
of the spectrum it will appear black, showing that its ordinary appear- 
ance is due to the fact that it reflects red rays copiously but does 
not reflect rays of any other colour. Similar tests may be made 
with green and blue bodies; it should be noted, however, that the 
blue dyes and pigments in general use are not pure colours, and 
the blue body will probably not appear black in any part of the 
spectrum. But in every case, if a body does not appear black, it will 
have the colour of the part of the spectrum in which it is placed. 

Many transparent bodies are coloured. Thus a sheet of ruby glass 
only transmits red rays, and if a sheet of it be placed anywhere 
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in the path of the light forming the spectrum, only the red rays 
are transmitted, and the rest of the spectrum will be entirely cut off. 
Similarly, a good piece of green glass will cut off all but the green 
region of the spectrum. If now the red and green glasses be put 
together they will cut off all the light of the spectrum, for the green 
glass absorbs all but the green rays and the red glass all but the 
red rays. ; S, 
Theory of colour vision.—From the foregoing experiments 1t will 
be seen that the rays of different colours affect the eye differently, 
and it is to the sensations produced, that the names of the colours 
properly belong. Nevertheless, it is convenient to speak of the 
rays which produce the sensation of redness as ‘red ’ rays, although 
as we saw (p. 637) that the only difference between these and others 
is one of frequency. If the two kinds of ray enter the eye at the 
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same time, the eye perceives a mixed sensation. When red and 
blue rays are mixed, the sensation is that of the colour we call 
crimson. 

Many theories of colour vision have been propounded, but that 
which has had the widest acceptance and appears to account best 
for a variety of effects, is that of Young, afterwards further developed 
by Helmholtz, and known as the Young-Helmholtz theory. According 
to this theory there are three primary colour sensations, namely, a 
particular red, green, and blue, and all others are made up of mixtures 
of these. A curve of intensity of these three colour sensations has 
been constructed. This is given in Fig. 591. 

It will be seen that for the spectrum of white light, the red curve 
extends from A to E, the green from B to D, and the blue from 
Cto F. From A to B the sensation is pure red and this part of the 
spectrum has the primary red colour. From E to F the sensation 
is the pure blue, or rather violet. But from B to E all the colour 
sensations are mixed. The pure green is not seen anywhere in the 
spectrum, but the nearest approach to it is at G, where the mixture 
consists of red, green, and blue in the proportions in which they 
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occur in white light, with a considerable amount of green effect 
in excess. 

Whether there are three sets of nerves in the retina sensitive 
to the red, green and blue respectively, or whether the three sensa- 
tions belong to three properties of the same nerve has not been 
satisfactorily settled. The phenomenon of colour-blindness, how- 
ever, seems to point to the first conclusion. For many people are 
partially, or wholly, blind to one of these primary colour sensations, 
and in rare cases to two. Thus a red-blind person would have the 
‘red’ curve from A to E (Fig. 591) missing, and his colour sensations 
would be due to mixtures of the remaining green and blue. 

Complementary colours.—The mixture of all the coloured rays 
occurring in sunlight we call ‘ white.’ If any colour, or colours, 
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Fra. 592.— Apparatus for studying complementary colours. 


be abstracted, the remaining mixture is no longer white. The 
two sets, however, if combined, will again form white light. Two 
colours are said to be complemertary when on adding them together 
the result is white. 

There are various methods of combining differently coloured 
beams, and the following, due to Sir Wm. Abney, is one of the best. 
Light from an electric arc is converged upon the slit S by the lens 
(Fig. 592). S is at the principal focus of the lens L, and a parallel 
beam is therefore produced. The train of prisms produces dispersion, 
and the lens L, forms a spectrum at S, in the ordinary way. Ifa 
screen be placed at S, the spectrum may be seen. A lens placed 
at L will now recombine the colours, forming a white patch upon 
the screen Sj. L, 1s so situated that it forms an image of the face 
P of the prism upon tue screen S}, the differently coloured images 
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of P coinciding on the screen and giving the white patch. By placing 
strips of metal or cardboard at S,, parallel to the slit, any colour 
or colours may be abstracted from the spectrum, and the patch at 
S, will be a mixture of those remaining. 

Obviously the colour mixture abstracted is complementary to 
that remaining, for the two together make up white light, and by 
suitably placing the strips to obstruct the light at S,, colours that 
are complementary may be determined. The complementary 
eolour to red is a bluish-green, and to yellow a particular blue. 

A further use of this apparatus is to find the component colours 
of any given tint. For on placing the material of given colour 
at S, beside the patch of light, obstacles may be adjusted at S, 
until the patch matches the given colour, whence its component 
colours are known. It is not always possible to match the colour 
by mixing pure spectrum colours, without adding a certain amount 
of white light. 

There is another method of finding approximately the comple- 
mentary colour to a given colour in certain cases, by making use of 
the fatigue of the eye. Thus, if a bright red object be looked at 
steadily for about a minute, the retina becdémes fatigued to this 
colour. On then looking at a wnite sheet of paper, the paper appears 
a bluish-green, owing to the fact that the eye is not fatigued for 
the green and blue rays, and therefore sees them more vividly than 
the red. If the object gazed at be yellow, the colour seen on looking 
at the white sheet is blue. It is very difficult to fatigue the retina 
to green, this being the most restful colour for the eye. 


Pigments.—When differently coloured rays are received by the 
- eye at the same time, we have seen above that a mixed sensation 
results. This must not be confused with the mixing of variously 
coloured pigments or paints. As an example, take the particular 
yellow and blue rays which are complementary, so that when mixed 
the resultant effect is white. If two similar yellow and blue pig- 
ments be mixed, the resulting mixture is green. The reason for 
this is that the yellow pigment absorbs the red and blue rays from 
white light. and the blue pigment absorbs red and yellow. Both, 
however, reflect the green, and this is the only colour refiected by 
the mixture, and is therefore its characteristic colour. 


Persistence of vision.—The persistence of vision is sometimes 
employed for the mixing of colour effects. That the sensation 
produced by an image falling upon the retina does not disappear 
instantly when the light is cut off, is well exemplified in the cine- 
matograph. Successive images thrown upon a screen, if they succeed 
each other sufficiently rapidly, produce a continuous impression. 
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In practice each picture remains stationary upon the screen about 
3's Second, and is then replaced by another, 16 pictures per second 
falling on the screen. It is well known that the eye receives a 
continuous impression. 


Colour-top.—In the colour-top a number of coloured discs of 
paper or cardboard are placed on an axle. The discs are each 
slit along a radius so that they may overlap, and various amounts 
_ may be exposed. On rotating them rapidly the effect of each upon 
the eye persists, while the others are passing, so that the eye cannot 
perceive the separate sectors, and the sensation produced is that 
of a mixture of the separate colours. A match for any given colour 
can be produced by varying the angles of the sectors; further, 
a given mixture of red, green, and blue will give a grey colour when 
the discs are rotated. A good white can never be obtained. The 
difficulty is that the pigments are never pure colours, and each 
sector supplies only a fraction of the total illumination, whereas 
for a white disc each part of it supplies the full illumination. 

Kinemacolor.—A further application of the persistence of colour 
impression has been made in the form of cinematograph known as 
the kinemacolor, for the projection of pictures in their natural 
colours. In taking the original photograph, a disc, having alter- 
nately red and green glasses, rotates in front of the lens of the camera, 
at such a rate that alternate negatives are taken with light that 
has passed through the red or the green glass. Thus, a red object 
would produce a dense part of the negative when taken through 
the red glass, and no effect when taken through the green. On 
producing a positive transparency, the dense parts of the negative 
give the transparent parts of the film for exhibition. A similar disc 
with red and green glasses is used when projecting the picture, and 
is so timed that the red glass is opposite the lens when the picture 
taken through the red glass is being shown. Hence the transparent 
parts will be bright red on the screen. A similar description applies 
to the pictures taken through the green glass, and the pictures 
alternate upon the screen so rapidly that the eye receives a mixed 
impression, and combines the colours in the pictures so that the 
natural colours appear. Reds, yellows, and greens are well repro- 
duced, but since no blue pictures are used, the bluish-greens and 
blues are not so good. 

Colour photographs.—Several modern processes of colour photo- 
graphy depend upon the use of coloured screens. A screen, having 
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a fine colour pattern upon it, is placed in contact with the photo- 
graphic plate, and the exposure is made by light which has to pass 
through the colour pattern in order to reach the sensitive surface. 
To explain the action let us imagine the colour screen to be magnified 
and three of the coloured areas to be represented by R, G, and B 
(Fig. 593). R is red, G green, and B blue. The image of a green 
object falling on these three areas will be treated differently. The 
green light passes through G and reaches the plate, 
giving rise to a dark part of the negative, but is 
absorbed by R and B, so that the negative under 
these will be transparent. On producing a trans- 
parency from this negative by the ordinary process 
of contact printing, the part corresponding to G 
will now be transparent (owing to the density of 
the negative) while those corresponding to R and 
* B will become opaque. Thus on covering the 
Fra. 593-“Colour transparency with the original colour screen and 
Me holding it up to the light, G will appear bright 
green, but R and B will not be seen, and the original colour of the 
object is thus reproduced. 

In practice the whole colour screen is covered with a very fine 
pattern of these colour spaces, so that the eye cannot distinguish 
the separate spaces; but in the final transparency, with the colour 
screen correctly superimposed, each minute space transmits the 
amount of red, green, or blue light corresponding to the colour of 
the original object, and the eye sees the general colour eflect. The 
difficulties are, to obtain the three correct colours in the original 
screen, and so to expose and develop the films that the propor- 
tionality of colour in the final transparency is correct. 


Spectrum analysis.—On p. 630 it was seen that the light from 
the incandescent sodium vapour in a bunsen flame when common 
salt is placed in it, gave a spectrum consisting apparently of one 
yellow line only. Hence the characteristic yellow colour of the 
sodium flame. Actually there are two yellow lines very close 
together, but high resolving power is necessary for them to be seen 
as two separate lines. Every element in the gaseous state, when 
rendered luminous, has a characteristic spectrum, but it is not 
always easy to obtain the spectrum, and in very few cases is the 
spectrum so simple as that of sodium. Thus the spectrum of 
strontium vapour has many lines, but several in the red are particu- 
larly bright, and another in the blue, giving the characteristic 
crimson colour to the strontium flame. The hydrogen spectrum has 
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a number of lines, and the iron spectrum has such a vast number 
that the light emitted appears to the eye to be white. Ox the 
other hand the spectrum of thallium consists of a single green line. 
The lines produced by any element have characteristic places in the 
spectrum, and by observing the spectrum, the substance which gave 
rise to it may be identified. This process is known as spectrum analysis. 

This analysis is carried out by means of the spectroscope, which 
is the same in principle as the spectrometer (p. 625), but the resolving 
power is usually greater. The telescope is usually fixed, and the 
eyepiece is often replaced by a photograpbic camera so that a 
photograph of the spectrum is obtained. 

Continuous spectrum.—Bodies at ordinary temperatures do not 
emit radiations which affect the eye, but if the temperature of a 
solid body be gradually raised, at about 700° C. the body begins to 
be luminous, and appears a dull red colour. The spectrum of it will 
then be limited to a small piece at the extreme red end. As the 
temperature continues to rise, the spectrum will extend to the 
yellow, green, and eventually the blue, and at very high tempera- 
tures the whole of the visible spectrum will be present. The body 
then emits white light and is said to be ‘ white hot.’ The spectrum 
of a white hot solid body has all the colours present and a continuous 
spectrum is presented. This is a contrast to the spectrum of a 
luminous gas or vapour, which consists of lines, bands, or flutings. 

Absorption spectra.—It is a general rule that any vapour will 
absorb, at all temperatures, the particular kind of light which it 
itself emits at high temperatures. Thus if a beam of white light 
be allowed to pass through a bunsen flame impregnated with a 
sodium salt, the characteristic yellow light of sodium is absorbed 
from the beam of white light. The spectrum will then have the 
appearance of a continuous spectrum, with a dark line in the yellow 
corresponding to the sodium line. 

if a spectrum of the light from an electric arc be examined by means 
of the spectrometer or spectroscope, and a sodium burner be placed 
between the arc and the slit, the dark line in the spectrum may be 
observed. For, since the flame is at a much lower temperature 
than the arc, it does not itself emit as much of the yellow light as 
it absorbs from the white light from the are. On removing the 
arc and observing the spectrum of the sodium burner, a yellow 
line will be seen, and it will be observed that it has the position 
previously occupied by the dark absorption line. 
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A continuous spectrum, with certain characteristic lines absorbed 
from it by any substance, is called an absorption spectrum. Thus 
the absorption spectrum produced by any substance is complemen- 
tary to its own bright line spectrum. 


Solar spectrum.—-The spectrum of sunlight has an immense 
number of absorption bands, called Fraunhofer lines, after their dis- 
coverer. These are produced in a manner somewhat similar to that 
just described. The visible part of the sun, called the photosphere, 
consists of luminous solid, or liquid, substance and emits white light. 
Surrounding this layer is the chromosphere, which is made up of gases 
and vapours at much lower temperature than the photosphere. 
Hence the light corresponding to the elements in the chromosphere 
is absorbed from the white light of the photosphere, giving rise 
to the Fraunhofer lines. Many elements, such as sodium, iron, 
hydrogen, etc., are by this means known to be present in the sun. 
Certain prominent lines are named A, B, C, D, E, F, G, and H. The 
D line is the yellow sodium line. Several of the sun’s metals, such 
as caesium, rubidium, and thallium, have been discovered by their 
spectra, and helium was known in the sun’s chromosphere long 
before it was found on the earth. 

As evidence of the correctness of this explanation of the origin of 
the Fraunhofer lines, it may be mentioned that when the moon’s dise 
just covers the photosphere in the event of a solar eclipse, the 
spectrum becomes reversed, the chromosphere then producing its 
own bright line spectrum. . 

Fluorescence.—Many substances possess the power of becoming 
luminous when light of certain wave-lengths falls upon them. This 
is not a case of reflection, for the light emitted is of a different 
wave-length from that which excites it. This phenomenon of 
absorbing one kind of light and in its place emitting another kind 
is called fluorescence. It was first noticed in fluorspar (calcium 
fluoride), but is strongly marked in many of the aniline dyes, such 
as eosin and fluorescine. Sulphate of quinine and parattin oil also 
exhibit fluorescence. 

If a parallel beam of white light be passed into a vessel containing 
a solution of fluorescine, the liquid will glow with a brilliant yellow- 
green light where the white beam enters, but the further path of 
the beam does not exhibit fluorescence. The reason for this is, 
that the particular rays in the white beam which excite fluorescence 
are absorbed by the solution, and this absorption takes place in the 


first parts of the solution traversed. Hence in the subsequent 
layers there is no exhibition of fluorescence. 
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On placing a tube of the solution in various parts of a bright 
spectrum, it will be found that the solution fluoresces when situated 
in the blue, violet, and ultra-violet, but not in the green and red. 
The hght emitted in fluorescence is nearly always nearer to the red end 
of the spectrum than the light which excites fluorescence. If a flat 
cell containing the solution be placed in the path of the white beam 
which forms the spectrum, it will be found that the blue end of the 
spectrum is missing. Hence the light which produces fluorescence 
is absorbed in doing so. It is the energy of the light absorbed which 
supplies that necessary for the fluorescent radiation. Glass absorbs 
a considerable amount of the ultra-violet light from a beam of 
sunlight, or the light from the electric arc. Hence it is desirable in 
studying fluorescence to use quartz lenses and prisms, since quartz 
is much more transparent than glass to ultra-violet light. 

Fluorspar fluoresces a pale blue, sulphate of quinine or paraffin 
oil also a pale blue, but eosin and fuchsin fluoresce a brilliant yellow- 
green, while sodium vapour in sunlight emits red, yellow and green 
rays. 

Phosphorescence.—Strictly speaking, fluorescence ceases instan- 
taneously with the cessation of the exciting light. Many substances, 
however, show a prolonged effect, which is then called phosphor- 
escence. Thus diamond, calcium sulphide, cte., if illuminated in 
daylight for some time will glow when placed in the dark. The 
ultra-violet light is the most active in producing phosphorescence. 
Balmain’s luminous paint is chiefly composed of calcium sulphide. 
This effect must not be confused with the glow sometimes arising 
from chemical action, as in the case 
of phosphorus, or decaying animal 
matter, which is sometimes called 
phosphorescence. 

Becquerel’s phosphoroscope.—The 
substance to be examined is situated 
between two discs A and B (Fig. 594), 
which can be rotated rapidly by 
a mechanism not shown in the 
diagram.’ The dises have ‘slots, 
those in A not being opposite to 
those in B. White light passing 
through a given slot in A falls on 
the body C under examination. As the discs rotate the light is cut 


off, and after a short interval a slot in B comes opposite to the body, 
so that it can be seen from E. If the body is phosphorescent it will 


Fia. 594.— Becquerel’s phosphoroscope. 
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still be emitting light and will then be seen from E; but if it is 
fluorescent its luminosity ceases when A cuts off the illumination, 
and it will no longer be seen from E. By varying the speed of the 
discs the limiting times of phosphorescence may be determined. 
This time varies from a small fraction of a second up to several 
hours, according to the nature of the substance. 


Photography.—It will have been noticed that the rays which 
are particularly active in producing fluorescence and phosphorescence 
are also those chiefly effective in producing photographic results. 
These rays of high frequency appear to be highly active in producing 
atomic and molecular changes, the atoms of matter readily absorbing 
the energy of the rays. Sometimes, as in fluorescence, the energy 
is again radiated as light, but in the case of some substances, notably 
certain silver salts, molecular changes are produced, resulting in 
new chemical arrangements, in some of which, silver is reduced to 
the opaque metallic form. The chemistry of photography cannot 
here be discussed, but we may note that, since the blue and ultra- 
violet rays alone are active, red and yellow objects, which appear 
bright to the eye, will be inactive photographically, so that a coloured 
object will not be reproduced in a photograph in its due proportion 
of light and shade. This defect would render impossible the colour 
photography described on p. 641. Several methods of rendering 
photographic plates sensitive to rays of all colours have been devised. 
Thus, if a plate, before use, be immersed in a solution of 1 part in 
10,000 of erythrosin, it becomes active to light up to the yellow in 
the spectrum. Such plates are said to be isochromatie or ortho- 
chromatic. This treatment does not render the plates any less 
sensitive to the violet and ultra-violet rays, whose effect would 
still predominate, and mask the effect due to the green and yellow 
rays; the blue and ultra-violet rays are therefore reduced by the 
use of a lemon-yellow glass screen placed in front of the lens. This 
screen owes its colour to the fact that it is more transparent for the 
yellow and red parts of the spectrum than to the rays at the blue end. 

By employing a solution of pinacyanol the plates may be rendered 
sensitive to the whole spectrum, including the red rays, and are 
then said to be panchromatic. A lemon-yellow screen must, of 
course, be used, and such plates must be developed in complete 


darkness. They are now largely employed in photographing 
spectra. 
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EXERCISES ON CHAPTER XLIX. 


1. Describe a simple form of spectroscope. How would you use it to 
observe the absorption spectrum of sodium vapour ? 


2. Upon what does the colour of natural objects depend? Explain, 
why two coloured objects appear of different tints by daylight and by 
gasiight. 


3. What is a pure spectrum ? Explain clearly how you would produce 
it. Account for the presence of Fraunhofer’s lines in the solar spectrum. 
' Allahabad University. 
4. Explain how you would set up the apparatus for showing the spec- 
trum of an electric arc. 
What would be the effect on the spectrum of placing a sheet of red 
glass between the lamp and the rest of the apparatus ? L.U. 


5. How would you study the distribution of energy in the different 
positions of the spectrum of sunlight ? 
State the results you would obtain. L.U. 


6. Describe in detail the way in which you would obtain a pure 
spectrum of the light from the sun. 
Describe briefly some method of examining the visible spectra of gases, 
L 


7. Describe the arrangement of illuminated slit, lenses and prism to 
give a “ pure spectrum,” 

How would you investigate the existence of radiation outside the limits 
of the visible spectrum ? 


8. Give a short account of the Young-Helmholtz theory of colour vision. 


9. Explain what you mean by complementary colours. How would 
you find the nature of the colour complementary to any given colour ? 


10. Describe how you would find a set of spectrum colours which when 
mixed would match a given colour. 


11. Give a short account of the principle of some process of colour 
photography. 

12. What do you mean by the terms fluorescence and phosphorescence ? 
How could you decide whether a material was fluorescent or phos- 
pborescent ? 


CHAPTER L 


POLARIMETRY AND SACCHARIMETRY 


Polarisation.—_The discussion of the wave theory of light and of 
polarisation is beyond the scope of this book, but a few words 
may serve to render intelligible their application to the subject of 
saccharimetry. It has already been pointed out (Chap. XLIX) that 
light and radiant heat are both wave phenomena, and difier only 
in frequency, or in wave-length. At the part of the spectrum of 
sunlight where the heating effect is great, and the sensation of light 

is not produced, the wave- 
length varies from about 
p 10-*cm. to 10-4 em., but at 
the part of greatest lumino- 
_ sity the wave-length is about 
6 x 10-5 cm. i 
The waves constituting light 
are entirely transverse (Chap. 
LIV), and it will be proved later that the oscillations are at right 
angles to the direction in which the wave is travelling (p. 651). These 
oscillations occur in some plane or planes containing the ray. Thus 
they may occur in a plane AB (Fig. 595), or in two planes AB and CD, 
or may be distributed over an infinite number of planes containing 
the ray PQ, as in the case of ordinary light. 

If the oscillations constituting the beam of light are confined to 
one plane, the light is said to be plane polarisea. The properties 
of a plane polarised beam differ with respect to two planes, one 
of which contains the oscillations, while the other is at right angles 
to them. 


B 


Fre. 595.—Plane polarised waves. 


Double refraction.—In transmitting a beam of light, many trans- 
parent crystalline materials have the property of splitting the 
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beam into two beams having different laws of refraction. For 
most directions of transmission, a single ray of ordinary light separates 
into two, one of which is called the ordinary ray because it obeys 
the ordinary laws of refraction, and the other is called the extra- 
ordinary ray because it does not obey the ordinary laws of refraction. 


The mineral calcite, or Iceland spar, exhibits this doubly refracting 
property most strongly. 


EXPT. 148.—Double refraction of calcite. Place a slab of calcite, made 


by cleaving a natural crystal, on a piece of paper on which a dot has been 
marked at O (Fig. 596). On 


looking through the slab, two 
dots can be seen, one at O, 
produced by the ordinary ray, 
and the other at O; produced 
by the extraordinary ray. 
Keep the slab in contact with 
the paper and rotate it: note 
that O, rotates about Op. 


The ordinary and extra- 
ordinary rays are both plane Fig. 596.—Slab a mo producing doubie 
polarised, and the plane in i 
which the oscillations of the ordinary ray occur, is at right angles to that 
in which the oscillations of the extraordinary ray occur. 


Nicol’s prism.—For experimental purposes it is desirable to separate 
the ordinary from the extraordinary ray. One of the best means 
for effecting this is provided by the Nicol’s prism, in which the 
ordinary ray is suppressed, leaving the extraordinary ray remaining. 
A B AE B 
(pe 

LULA II 

C 


(a) 


Fı@. 597.—Nicol’s. prism. 


A prism of calcite ABCD (Fig. 597 (a)) is obtained by cleaving a 
crystal along the natural cleavage planes. The crystal is now sawn 
across a plane EF, which makes an angle of about 22° with AB. 
The cut surfaces are then polished and cemented together with 
Canada balsam. Consider a ray of light which enters the face AD 
(Fig. 597 (b)). This separates into the ordinary ray PQ and the extra- 
ordinary ray PL. ‘The critical angle for the passage of the ordinary 
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ray from calcite to Canada balsam is 69° 30’, and the angle PQV 
is greater than this; hence the ray PQ is totally reflected along QR, 
and is absorbed at R by the black covering of the Nicol’s prism. 
Owing to the fact that the index of refraction of Canada balsam is 
greater than that of calcite, for the extraordinary ray, it follows 
that there is no critical angle in this case, so that total reflection 
does not occur, and this ray is therefore transmitted along LM, 
travels along MN, and finally emerges from the face BC as shown at 
NO. Thus the emergent ray is plane polarised. 


Plane of polarisation.—The nature of the oscillations constituting 
light, and the actual plane in which they occur, will not be discussed 
here. It is necessary, however, to fix some plane relatively to the 
beam. 

The usual convention is: call the plane containing the long diagonal 
of the face BC (Fig. 597) of the nicol and the emergent ray, the plane 
of polarisation. This is shown by an arrow in 


A Fig. 598, which is an end view, of the nicol. 
Thus, a ray of light polarised in this plane can 
be transmitted through a nicol, because it is the 
extraordinary ray, but a ray polarised in a plane 

~ at right angles to this (that is, parallel to the 


Fic, 598.—Plane of Plane of BC), is the ordinary ray, and is suppressed. 

polarisation. Thus a Nicol’s prism serves to analyse light, 
that is, to detect polarisation ; and also to polarise light, that is, to- 
produce a polarised beam. 

In reflecting light, most surfaces produce a certain amount of 
polarisation. This can be detected by viewing a sheet of glass, 
or the polished surface of:a table, through a nicol. On rotating 
the nicol about its axis a variation in the intensity of illumination 
will be observed, because the reflected light generally consists of 
a mixture of ordinary light and plane polarised light. The plane 
of polarisation of the latter coincides with the plane of incidence 
and reflection. 


Suppose that the beam of light emerging from a nicol A be allowed 
to fall on a second nicol B. The amount of light emerging from B, 
which has therefore traversed both nicols, will depend upon the 
relative positions of A and B. If the long diagonals of both prisms 
are parallel, the beam will traverse the nicol B with undiminished 
intensity. IfB be rotated until the long diagonals are at right angles 
to each other, then the beam emerging from A will be completely 
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suppressed by B. The nicols are then said to be crossed. A may be 
called the polarising and B the analysing nicol. 

The fact that the beam is completely stopped with crossed nicols 
proves that light consists entirely of transverse oscillations. Any 
longitudinal oscillation would be treated in the same manner by 
both nicols, as it would possess the same properties in all planes 
containing the ray, and would therefore be independent of the 
orientation of the nicols. 


Rotation of the plane of polarisation—On passing a beam of 
polarised light through certain substances, rotation of the plane 
of polarisation occurs. A crystal of quartz has 
this power when the beam travels along the 
direction of the axis of the crystal. Thus, if a 
plate of quartz, having faces perpendicular to 
the axis of the crystal, be interposed between 
crossed nicols, the beam is no longer completely 
cut off by the second nicol. 

Let OA (Fig. 599) be the plane of polarisation gba te 
for the polarising nicol, and OB that for the AB. 
analysing nicol. On interposing the quartz ofthe’ pone of tation 
plate, the plane of polarisation is rotated by the ‘tion. 
plate into some such position as OA’. The analysing nicol must be 
rotated through an angle BOB’=AOA’ in order that the beam shall 
be extinguished. 


A 


The angle of rotation depends upon the thickness of the quartz 
traversed by the beam, and also upon the colour of the light employed. 
We shall only deal here with the yellow light of the sodium flame 
(the D line of the spectrum). The angle of rotation for quartz is 
21°72° per millimetre of path traversed. Some crystals of quartz 
produce rotation in one direction and others in the opposite direction. 
The convention adopted in this country is that, looking along the 
ray towards the source of light, the rotation of the plane of polari- 
sation is said to be right-handed if clockwise, and left-handed - if 

anticlockwise. ; 
_ Many liquids and vapours produce a similar rotation of the plane 
of polarisation, but to a smaller exteat than quartz. When two 
substances which alone would produce opposite rotations of equal 
magnitudes are present, the result would be zero rotation. -And 
more generally, if two or more active substances are present, the 
rotation actually produced is the algebraic sum of the rotations which would 
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be produced by the substances separately, if each could be present to the 
extent of the same number of grams per cubic centimetre which it 
has in the mixture. 


Specific rotation.—The angle of rotation of the plane of polarisation 
produced by any substance, in solution or otherwise, is proportionai 
to (i) the length of path in the substance traversed by the plane 
polarised beam, and (ii) the actual density of the substance present. 
The amount of rotation produced by traversing a path of 10 cm. 
length in the substance when the density is unity is called the specific 
rotation. The actual rotation @ produced in any case is therefore 


given by sld 100 


0=70 of ean FA 
where S is the specific rotation of the substance, lis the path traversed 
in centimetres, and d is the actual density of the active material in 
grams per c.c. 
To find d it is necessary to determine d,, the density of the solution, 
by means of the specific gravity bottle (p. 278). Then, if w grams 
of active substance are dissolved in 1 gram of non-active solvent, 


such as water, F w 
we (i sa 
Substance. Solvent. be a Substanee. Solvent. on 
Cane sugar - | water | + 66-67" || Quinine sulphate | water |— 214" 
Tartaric acid | water | +15:06° || Nicotine - -|pure |—162° 
Turpentine - | pure |-37° Camphor - -| alcohol |+54:4° 
+ indicates right-handed, — indicates left-handed. 


Polarimeters or Saccharimeters. In order to measure the amount 
of rotation of the plane of polarisation in any given case, a special 
piece of apparatus is generally used, called a polarimeter or sac- 
charimeter. The form here described is due to Laurent. 

The telescope T (Fig. 600) is focussed upon the plate E next to 
the nicol N,, which produees the plane polarised beam from the light 
emitted from the sodium burner F. The analysing nicol N, is fixed 

In the tube A which carries the telescope ; the tube is able to rotate 
on its axis, and its position is observed by means of the verniers 
V and the fixed circular scale S. Gis a glass cell containing a solution 
of potassium chromate, which absorbs all but the yellow D light 
given out by the bunsen flame F. The position for extinction, in 
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which the nicols are crossed, can be found by looking through the 
telescope T, rotating the telescope and analysing nicol, and observing 
the position of the verniers when the field is dark. On interposing 
the tube of rotatory solution BC, having glass ends, a new position 
for extinction is found, and the travel of the verniers is a measure 


a es 


Fra. 600.— Laurent’s saccharimeter. 


of the rotation produced. Owing to ambiguity as to its value when 
the rotation approaches 90° or 180°, two lengths of tube BC are 
employed, one of which is 10 cm. long and the other 20 cm. One 
rotation must now be twice the other, which fact removes the ambi- 
guity in the original reading. 

It is not possible to judge accurately when complete extinction 
of the light occurs, and therefore the plate E is introduced in Laurent’s 
saccharimeter. This plate is made in two parts. 
The half A (Fig. 601) being of glass, the plane 
of polarisation for this half is unchanged, and 
is shown by the arrow p,. The half B consists: 
of a crystalline plate of such thickness that the 
plane of polarisation of the light in passing 
through it is rotated through such an angle 
that it assumes the position indicated by the Fie. 601.—Half quartz 
arrow Pp» If now the long diagonal of the Pate of Laurent’s sac- 
analysing nicol is perpendicular to the bisector 
of the angle between p, and pp, the two halves of the field are equally 
illuminated, since the beam is extinguished to the same extent in 
each half. This condition is one that the eye can judge very 
accurately. On introducing the tube of solution, both p, and Pz 
are rotated to the same extent, and the amount of rotation of the 
analysing nicol required to restore equality in the illumination of 
the two halves of the field is a measure of the rotation of the plane 
of polarisation produced by the solution. i 
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Expt. 149.—Rotatory power of quartz. Set up the Laurent’s sacchari- 
meter, and measure the rotation produced by a plate of quartz. Measure 
the thickness of the quartz by means of a micrometer or spherometer 
(pp. 16-18), and calculate the rotation produced by 1 mm. of quartz. 


Expr. 150.—Specific rotation of cane sugar. Make up four solutions 
of cane sugar of strengths approximately 5, 10, 15 and 20 per cent. by 
weight, and calculate their exact percentages from the weighings. Deter- 
mine the density of each solution by means of the specific gravity bottle ; 
calculate the actual density of the sugar in each solution. By means of 
the Laurent saccharimeter measure the rotation of the plane of polarisation 
produced by 10 cm. of each solution, and by the equation on p. 652 calculate 
four values of the specific rotatory power of the sugar and take the mean. 


The polarimeter may be employed for analysis of solutions in 
which there is one substance present which produces rotation, as 
in the determination of the strength of a sugar solution. It also 
reveals differences in molecular structure between materials which 
to chemical analysis are identical. Thus the two forms of quartz 
rotate the plane of polarisation to the right or left respectively 
(p. 651), but they are otherwise indistinguishable. Similarly dextrose 
or grape sugar has the same composition as laevulose and differs 
from it chiefly in the fact that its solutions produce right-handed 
rotation, while those of laevulose produce left-handed rotation in 
the plane of polarisation of light. 


EXERCISES ON CHAPTER L. 


1. What do the terms “ plane-polarised light” and “rotation of 
the plane of polarisation ” mean ? 
How would you show that sugars differ in their optical pruperties as 
regards the transmission of polarised light through them ? A 


2. Give an account of an experiment which proves that double refraction 
occurs in certain materials. 


_ 3. Describe a Nicol’s prism. How would you examine a beam of 
light with a Nicol’s prism in order to determine whether the beam is plane- 
polarised ? 


4. Give a description of some experiment which illustrates the rotation 
of the plane of polarisation of light by means of certain substances. How 
would you determine the amount of rotation produced by 1 millimetre 
of quartz ? 


5. Describe some form of polarimeter which can be used for measuring 
the specific rotatory power of cane sugar. 


, 6. Define specific rotation. If'20 grams of a substance are dissolved 
in 70 grams of water and the density of the solution is found to be I 21 grs. 
per ¢-c.. and it is found that a length of 20 cm. of the solution produces 
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a rotation of 35° in the plane of polarisation, calculate the specific rotation 
of the substance. 


7. Explain how you would find the strength of a sugar solution, if 
the specific rotation of the sugar were given. 


8. Describe some method of producing a beam of plane-polarised light. 
How would you determine whether or not the beam were completely 
polarised ? 


9. What do you understand by the term “ polarisation of light ” ? 
Describe some method of producing plane-polarised light, and explain 
what deductions can be made from the phenomenon of polarisation as to 

the nature of aether vibrations. L.U 


10. What is meant by plane polarised light, and how may it be produced ? 
Describe the property which a solution of sugar has with respect to such 
light. L.U. 


11. Distinguish between polarised light and natural light. Describe 
two methods of producing plane polarised light. How would you test 
whether light is plane polarised or not ? L.U.H.Sch. 


‘ CHAPTER LI 


VELOCITY OF LIGHT 


Römer (1675).—The velocity of light is so great that unless ex- 
treme precautions are taken, no interval can be observed between 
its starting from a source and its arrival at the observer situated at 
any terrestrial distance from the 
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reg Bee source. The astronomer Römer, 
& 3s joe while making observations upon 
Sees én, the period of revolution of one of 

i ese ` Jupiter’s satellites, found certain 


Š AJN discrepancies which he could not 
+t @ | @>} at first explain. With the earth 


' and Jupiter situated as shown 


Beep get mis at E,J, (Fig. 602), the period of 

y revolution of the moon M, under 

K EA: observation is about 424 hours, 
ts alee pene and so long as the observations 


FIG. 602.—Determination of the velocity of are not separated by great in- 

Belt: tervals of time it was found that 
the moon M, entered Jupiter’s shadow at the calculated time. But 
if an interval of several weeks elapsed, it was found that the 
eclipses of M, did not appear to occur until after the calculated 
time, and this retardation increased for about six months. In the 
next six months the eclipses occurred after shorter and shorter 
intervals, until after a year they had again reached their calculated 
time. 

Römer explained this by assuming that the light took time to 
cross the earth’s orbit. In approximately six months’ time the 
earth is at E, and Jupiter at Ja, since Jupiter’s period of revolution 
round the sun is nearly 12 of our years. The retardation in six 
months amounted to about 164 minutes or 990 seconds, and, taking 
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the sun’s distance from the earth to be 93 million miles, this gives 
the velocity of light as 2 x 93000000/990 = 190,000 miles per second, 
or 3-03 x 10! cm. per sec. 


Bradley (1727).—In observing the position of the fixed stars at 
different times of year, Bradley found a small displacement in the 
apparent position, always in the direction in which the earth was 
travelling at the time of observation. 

This is due to the relative motion of the earth and the light coming 
from the star. If the light is traversing the path SAB (Fig. 603) 
then, if the earth were at rest, the telescope ; 
would be directed along BA in order to observe Sk Siy 
the star. But if the earth moves through 
distance CB while the light is traversing the 
telescope, that is the distance AB, the telescope 
must be inclined at the angle CAB to the path 
of the light, and the star will appear to be in 
the direction CAS’. 

CB velocity of earth 

fe Ae velocity of light’ mace ia 
the earth is travelling at right angles to the m 
path of the light. Hence a star near the pole eee ; 
of the earth’s orbit will appear to describe an Fe 603.-- Aberration 
ellipse about its mean position, in the course of 
a year. The angle CAB or SAS’ is found to be 20°45 seconds of are, 
and taking the earth’s velocity in its orbit as 30557 metres per sec. 
and tan 20°45” as 0:0001003 


tan 20:45” = 00001003 = 


30557 
vel. of light’ 


which gives the velocity of light as 3-047 x 108 metres, or 3-047 x 10! 
cm. per sec. 


Fizeau (1849).—The first successful attempt at measuring the 
velocity of light over terrestrial distances was made by Fizeau. 
Light from a source S falling on the lens L} is converged towards a 
focus (Fig. 604). A considerable part of it, however, is reflected by 
the plate glass M,, and is thus brought to the focus F. This is at 
the principal focus of the lens L,, so that the rays emerge from L, as 
a parallel beam. After traversing a distance of 8-633 kilometres the 
light arrives at the lens L,, and is brought to a focus on the surface of 
a spherical mirror M, whose centre of curvature is on Lẹ. The light is 
there reflected and retraverses its path, some of it passing through 
the plain glass M, and the eyepiece E, thereafter entering the eye. 
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GF is a toothed wheel which can be rotated with great velocity 
about the axle A. GF is so situated that the light may be brought 
to a focus in the space between two teeth of the wheel, when, 
of course, the eye sees a bright image. When the light falls on a 
tooth at F, no bright image is seen. The wheel is then set in rotation, 
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Fia. 604.—Velocity of light (Fizeau). 


and if not more than about 10 spaces pass F per second, the eye 
sees a continuous bright illumination. But if the speed be increased 
until the light travels from F to M, and back again in the time that 
the wheel has advanced forwards through a distance equal to half 
that between the centres of two consecutive teeth, the light that 
passes through any space in going is stopped on its return, by the 
next tooth. In Fizeau’s experiment the wheel had 720 teeth and 
made 12-6 revolutions per second when the eclipse of the image was 
produced. The time taken for the light to traverse the double path 
between F and M, is therefore 1/(2 x 720 x 12:6), and the velocity of 
light, according to this experiment, is 2 x8-633 x2 x720 x 12-6 
=3:13 x 105 kilometres per second or 313x1010 centimetres per 
second. 

If the wheel rotate at twice the above rate the light passing through 
any space will, on its return, pass through the next space and the 
image will be seen. At three times the speed the light will again 
be stopped, and so on. 

Cornu (1874 and 1878)—By Fizeau’s method, improving the 
apparatus and increasing the distance apart of the stations to 
23 kilometres, Cornu obtained a result 3-004 x 10!° cm, per sec. 


t VELOCITY OF LIGHT 659 


Foucault (1850).—The method of the rotating mirror was suggested 
by Fizeau and Foucault, but carried out by Foucault. Light 
trom an illuminated slit S (Fig. 605), after reflection from a plane 
sheet of glass A, passes to the lens L, which would produce a real 
image at C’. The mirror M, however, intervenes, and the image is 


Frc. 605.—Velocity of light (Foucault). 


produced on the concave mirror C, whose centre of curvature is at 
M. The light is there reflected normally and returns along the same 
path, retraversing the lens and forming a real image at P. If now 
the mirror M be rotated so rapidly that it has moved through an 
appreciable angle a while the light travels from M to C and back 
to M, the reflected light makes an angle 2a with its original path, 
and the real image is formed at Q. Knowing the distance MC (=), 
and the displacement PQ (=d) the velocity of light can be found. 
Thus, the time taken to traverse the double path MC is 2l/v, where v 
is the velocity of light. Also, if the mirror makes n revolutions per 
second its angular velocity (p. 53) is 27n radians per second, and the 
time taken to rotate through the angle a is a/27n ; 


ab a) 
_ Orn’ 
4rnl 
or Y = — > 
a 
Again, if the distance LP=r, then 2a=5; 
ab 
erd 


In Foucault’s experiment the distance MC was about 20 metres 
and his value for the velocity of light is 2°98 x 10 cm. per second. 

By placing a tube of water in the path of the light between M 
and C the velocity of light in water was determined. It was found 
to be less than the velocity of light in air. 
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Michelson (1879 and 1882).—The method of the rotating mirror 
was improved by Michelson, amongst other alterations being that 
of increasing the distance between the rotating and the fixed mirrors 
to 600 metres. His final value for the velocity of light is 2-998 x 10" 
cm. per second. 

It is extremely likely that the actual velocity of light differs very 
little from the value 3:000 x 101° cm. per second. 


EXERCISES ON CHAPTER LI. 


1. Give an account of some method by which the velocity of light 
has been determined. L.U. 


2. Explain how the speed of light may be found by observations of 
the eclipses of Jupiter’s second satellite. 
The greatest and least intervals between consecutive eclipses being 
42h. 28 m. 56s. and 42h. 28 m. 28 s., and the radius of the earth’s orbit 
- 92-7 million miles, calculate the speed of light in miles per second. L.U. 


3. Describe some method in which the velocity of the earth is made 
use of in determining the velocity of light. 


4. Describe Fizeau’s method or finding the velocity of light. 


5. How has it been shown that the velocity of light in water is less 
than the velocity in air ? 


6. Consider that in apparatus arranged for Fizeau’s experiment, 
the wheel has 600 teeth and that the two stations are situated 15 kilo- 
metres apart. What must be the number of revolutions per second of 
the toothed wheel in order that light passing through a space on the 
outward journey may be stopped by the next tooth on the return ? (Velocity 
of light =3-0 x 10'° cm. per sec.) 


__ 17. Calculate the angular velocity of a mirror in revolutions per second, 
if a beam of light reflected by it travels a distance of 750 metres, is then 
reflected back along its old path, and after reflection again by the rotating 
mirror, makes an angle of one minute of arc with its original path. 


_ 8. Describe the revolving mirror method of measuring the velocity of 
light, and explain how the value would be deduced from the observations. 
Using this method the velocity of light in water was shown to be less 
than the velocity of light in air. Of what importance is this result ? 
L.U.H.Sch. 


PART IV 
SOUND 


Pa 


CHAPTER LI 


SOUNDING BODIES—FREQUENCY 


Sensation of sound.—Hearing, like sight and touch, is a primary 
sensation. A suitable stimulus, called a sound, applied to the ear 


produces the sensation ‘of hearing. The 
source of this stimulus can always be 
traced to the movement of some body, 
although the movement may be so slight 
or so rapid that it is not visible. In the 


Fie. 607.— 
Motion of air 
in a sounding 
organ pipe. 


case of an explosion, the 
movement is conspicuous and 
the sound very great. But 
in the case of a tuning-fork, 
the sound may be appreciable 
although there is no apparent Fra. 606.—Motion of tuning-fork 
motion of the fork. This eee onding. 
motion may be made obvious by bringing a light pith- 
ball suspended by a thread (Fig. 606) into contact with 
the fork, when the pith-ball will be kicked violently 
away. 

Or the source of sound may be a column of air, as in 
the case of an organ pipe. On bringing a piece of paper 
with some fine dry sand over the mouth of the pipe when 
sounding, the sand will be seen to jump about upon the 
paper (Fig. 607). The reason is that the air is moving 
in and out of the pipe rapidly, and so sets the paper 
in vibration. 

In either of these cases, or in the case of a vibrating 
stretched string, the motion may be felt by placing the 


finger upon the body. In the case of the fork, or the string, this will 
quickly bring the body to rest, with cessation of the sound. 
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Simple harmonic motion.—In the case of all continuous sounds, 
as apart from a mere explosion, or a blow, the source of sound is 
in a state of vibration. Most vibrating bodies, unless their motion 
be very great, execute a simple harmonic motion (p. 220), or their 
vibration consists of a combination of simple harmonic motions. 
Hence it is very important to understand the nature of simple har- 
monic motion, and the student is advised to read carefully pages 
220 to 226. ) : : ; : 3 
= There are several points in connection with simple harmonic 
motion that may with advantage be recapitulated here. 


Fır. 608.—Diagram to represent simple harmonic motion. 


Thus, if the vector OA rotates with uniform angular velocity about 
a point O (Fig. 608) its projection upon any fixed line, say OE, 
represents a simple harmonic motion. At the instant given, the 
vector is in the position OA, making angle 0, with OC. Then 
BO=AC=OAsin 0. If OA is in the position OF at time t=0, and 
the angular velocity of rotation of OA be w, then @=ot. 

Also, if OA be called the amplitude a, and OB =y, 

: y=a sin wt. 

A simple harmonic motion may also be represented by a curve 
oabclmn, where the abscissae are times, measured in seconds, and the 
ordinates are the displacements y. a: 2 á TR. 

Thus the point o corresponds to the instant at which A is at F ; 
b to that at which A is at E, and so on. The curve obclm, cegresponds 
to one complete rotation of OA. After this the curve repeats itself. 

Amplitude and frequency.—A body capable of vibration, when 
disturbed from its equilibrium position, as in striking the prong 
of a tuning-fork, begins to vibrate about this equilibrium position. 
Except for the fact that the vibration slowly dies away, the 
extreme displacement on either side of the equilibrium position 
is called the amplitude of the vibration. This corresponds to OA, 
OE, qb, or rl in Fig. 608. The amplitude of vibration of a sounding 
body is generally very small, while that of a pendulum is compara- 
tively large. * i 


d 
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The number of complete vibrations made by the body in one 
second is called the frequency of the vibrating body. 


Expr. 151.—To compare the frequencies of two tuning forks. The two 
forks are securely clamped to a wooden block A (Fig.'609). A strip of 
glass B, which ‘slides easily in an ‘upright guide, can ‘fall past the forks, 
and is released by burning the thread C, and so releasing a catch. 
Attached to a prong of each ‘fork is an aluminium style whose point 
bears lightly upon the glass. The glass must have been previously 
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FıG. 609.—Dropping plate for comparing Fia. 610.—Traces obtained on 
the frequencies of two forks. a dropping plate. 

blackened in the smoky flame of a lamp. On drawing a violin bow 
across the forks they are set in vibration, and at the same instant the 
plate is released. . Each style draws a trace upon the smoked ‘glass, the 
number of vibrations made during the fall of the plate being easily 
discerned. In Fig. 610 such a trace for a pair of forks is shown. The 
starting points of the traces are A and B, and a line should be drawn 
through them. Two other lines CD and EF are then drawn, parallel to 
AB, so that the trace CE is made by one fork in the same time that the 
trace DF is made by the other. ‘On counting the numbers of vibrations 
in CE and DF the ratio of the frequencies of the forks can be found. In 
the given case it is Fo =1'325, 

The aluminium style should be hent to the shape shown at S (Fig. 609). 

D.3.P. U 
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As the plate falls, the style can then bend slightly, owing to the plate press- 
ing against it, but the level of the point is not altered by this bending. 


Expr. 152.—To find the absolute frequency of a fork by the dropping plate. 
For the determination of the absolute frequency of a fork by the dropping 
plate method, the plate must fall freely. The guides are therefore dis- 
pensed with and the plate is suspended by the thread A (Fig. 611), and 
can be released by burning the thread at A. The style must be made as 
in the last experiment and the bowing of the fork performed as before. 
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Fa. 611.—Dropping plate for measurement Fia. 612.—Trace by 
of absolute frequency. single fork. 

An example of the kind of trace produced is given in Fig. 612. The 
well marked waves such as B, C and D are chosen such that the number 
of waves, N, in BC is the same as the number in CD. Then the time, ¢, 
taken by the plate to fall through the distance BC is the same as that for 
the distance CD. By means of a cathetometer or travelling microscope 
the distances BC and CD are measured. Calling them d, and d, we have, 

d, =ut +490?, 
where u is the velocity of the plate when the point B passed the style. 

Also, d,+d,=u. 2t +4g (2t), or, d, +d, =2Qut + 2g, 

from above, 2d, =2ut+gt*, 


‘subtracting we get, d -d =g, 


or, t=4/ -h 
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Therefore the frequency, n, of the fork is given by 
Ny, g 
TONG a 
In the given case N =14, d, =3-18 cm. and d,=6-08 ;` 
.. taking g as 981 cm. per sec. per sec. 


y ( 


n=l) or sige d 
6-08 — 3:18 


The nominal value of the frequency of the fork was 256. 


Measurement of frequency by the chronograph.—A piece of smoked 
paper is wrapped round a drum D (Fig. 613) which can rotate about 


= x) 
= 


Fig. 613.—The chronograph. 


an axle S, on which a screw thread of large pitch is cut. On rotating 
the drum by means of the handle, it advances as it rotates. The 
fork is provided with a style, so that it leaves a trace when the 
drum turns. ; In order to mark intervals of time, a small electro- 
magnet M is provided with a style attached to its armature which 
also leaves a trace alongside of that due to the fork. The current 
for the electromagnet is supplied by a battery, and in series with 
it is a make and break actuated by a standard clock whose pendulum 
beats half seconds. Every half second, when the pendulum is at 
the bottom of its swing, contact is made, and the style then makes 
a little kick, which is recorded upon the blacked paper upon the 
drum. This arrangement is called the chronograph, and the number 
of vibrations of the fork between any half-second marks upon the 
paper can be counted, and the frequency of the fork determined. 
The process may be inverted by employing the chronograph to 
measure small intervals of time. This necessitates a tuning-fork 
of known frequency. In this case the instants of time to be recorded 
are marked by the closing of the electrical circuit of the magnet M. 
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This causes a mark to be made on the drum D, and the interval 
between the occurrence of successive marks is known from the 
number of waves traced by the standard tuning-fork in the same 
interval. 


EXERCISES ON CHAPTER LIIL 


1. What is simple harmonic motion ? Show how it may be represented 
in a diagram of time and displacement. 


2. Define the terms ‘ amplitude’ and ‘ frequency.’ 
Describe how the frequency of a tuning-fork may be measured. 


3. How would you show that a source of sound is a vibrating body, 
in a case where the motion of the body is too small to be visible? 


4. Describe the dropping plate method for determining the absolute 
pitch of a tuning-fork, The plate drops from rest through a distance 
of 1-8 cm., and while dropping through the next 10-2 cm. the fork makes 
35 vibrations. Calculate the frequency of the fork. 


' 5. Describe how you would employ the chronograph to measure small 
intervais of time, if you were provided with a tuning-fork of known 
frequency. 


; jf: Describe a method of comparing the frequencies of two tuning- 
orks. 


CHAPTER LIII 
PITCH, LOUDNESS, AND QUALITY 


‘Pitch and frequency.—Our sense of hearing tells us whether a 
musical note is of high pitch or low pitch, but it does not tell us 
upon what the pitch of the note depends. If any sound or noise, such 
as the tapping of a hammer, recurs at regular intervals, it will be 
heard as a series of separate impulses. As the number of impulses 
per second increases, the separate sounds will be heard until the 
number reaches 25 to 30 per second, when they will cease to make 
separate impressions, and will be heard as a continuous humming 
note. As the frequency of the impulses increases, the pitch of the 
“note will rise. Evidently the pitch of the note depends upon the 
frequency of the impulses. 

Many examples may be found to illustrate this. Thus, if a long 


piece of clock spring be clamped at one end in a vice, and set vibrating, ` ` 


the vibrations, when very slow, 
do not produce any sensation 
of sound. On shortening the 
free part of the spring, the 
vibrations obviously become 
more rapid, and soon a low 
note will be heard. With 
further shortening, the fre- 
quency increases, and a note 
of higher and higher pitch will 
be heard, until, when the spring 
is something like 1em. in length, 
a very shrill note, that is, one of 
very high pitch, will be heard. 

That the relation between frequency and pitch is of a quantita: 
tive nature may be shown by means of the disc siren (Fig. 614). 


Fia. 614.— Disc siren. 
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A dise having two circles of holes in it is capable of being rapidly 
rotated, and a tube A, leading from a pair of blowpipe bellows, directs 
a draught of air against the holes. When the rotation is very slow, 
a puff of air passes through each hole as it comes opposite the tube, 
and the ear will hear the separate puffs. On increasing the speed 

- the puffs blend into a note, whose pitch rises with increasing speed. 
Further, if there are twice as many holes in the outer ring as in 
the inner ring, then, for any given speed, there will be an easily 
recognisable relation between the pitches of the notes produced by 
directing the jet of air against each set in turn. The note with twice 
the frequency will be the upper octave of the other note. This relation 
is true whatever the speed of the disc, so that whatever the absolute 
frequencies may be, one note is the upper octave of another if it corresponds 
to twice the frequency. This reasoning will be extended later to the 
case of intervals other than the octave, but it may be noted here 
that the interval between the pitches of any two notes depends 
upon the ratio of their frequencies, and not 

a upon their absolute frequencies. 

; Thus, if one note corresponds to a fre- 
quency of 512 per sec. it is the upper 
octave of a note of 256 per sec., and is the 
lower octave of a note of frequency 1024 
per sec. 


The Siren.—The rotating disc of Fig. 614 
has been developed into a useful piece 
of apparatus for determining frequency, 
called the siren. A disc D (Fig. 615) is 
mounted upon a vertical axis, the upper 
end of the axis being provided with a 
worm wheel which engages with a toothed 
wheel. This rotates a pair of pointers P, 
which record the single revolutions and 
tens of revolutions of the disc D. The 
disc is provided with a number of holes 
which, in one pcesition, come over a similar 
set of holes in the top of the wind chest. 
Thus every time the upper and lower holes 
come together, pufis of air emerge, and when the speed of rotation is 
sufficient, these successive puffs give rise to a note. With n holes 
in the disc and N revolutions of the disc per second, the frequency 
as Nn. 
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Fia. 615. 
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The method of driving the disc should be noted. The holes are 
drilled obliquely through the plates, those in the dise being oppositely 
sloped to those in the top of the wind chest. As the air emerges 
it is driven against one side of each hole in the disc and so causcs 
it to rotate. The speed of the disc can be regulated by varying 
the air pressure. 

In order to measure the frequency of a source of sound such as 
a tuning-fork, the siren is regulated in speed until the pitch of the 
note is the same as that of the fork. The interval of time required 
to make a known number of revolutions is observed by watching 
the pointer and employing a stop-watch. There is often an arrange- 
ment supplied for engaging or disengaging the worm wheel from 
the toothed wheel at will, but it is better not to use this, as on engag- 
ing the wheel the speed of the siren is always caused to vary slightly. 
From the measured number of revolutions per second and the number 
of holes in the disc the frequency can be found. 


Loudness.—Any note may vary in three ways, that is, in pitch, 
loudness, and quality. The pitch depends upon the frequency, 
the loudness depends upon the energy of the vibrating source, or 
of the wave transmitted to the ear. The quality will be discussed 
later, but it may be noted here that it is the quality which enables - 
us to distinguish between notes of the same pitch sounded by diffe- 
rent instruments. 


The loudness of a note depends upon the energy of the vibration, 
and this in turn obviously depends upon the amplitude. The manner 
in which the energy depends upon 
the amplitude may be found as aG 
follows : a 

Let B, B, be the extreme posi- Bas 
tions of a body of mass m having hra ' 
simple rési vibrations. Let %3 0- a- >F B 
v be the velocity of the body Wie. 616. Enerey diastah. 

when passing through O. Then 
its kinetic energy here is 4mv? (p. 171). The body is under the 
action of a force which is continually directed towards the centre O, 
and is proportional to the displacement from O (p. 223). In passing 
from O to B, work is done against this force ; since the body comes 
to rest at B, the kinetic energy }mv? has been wholly expended in 
doing work against the force. 

When the displacement is a, let the force be ka, where k is a con- 
stant. Let EF (Fig. 616) represent ka ; by erecting similar ordinates, 
the triangular diagram OBG is produced, and is the diagram of work 
done against the force (p. 169). If the amplitude OB=A, then 
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BG=4A. Evaluating the total work done, by taking the area of the 
diagram of work (p.. 169), we have 
Work done =OB x #BG=A x $hA 
= $kA*= Fine. 

Since k is a constant, the work done, which also. represents the 
energy of the vibration, is proportional to A?, that is, the energy of 
vibration. is proportional to the square of the amplitude. This is true for 
a vibrating body, and also for the sound waves (p. 683) by which 
the sound reaches the ear. The loudness of the sound is therefore 
proportional. to the square of the amplitude of the air vibration. 

The energy of a vibration also depends upon the frequency. 
Referring to Fig. 608, p. 664, we see that the periodic time of one 
oscillation T=2r/o=1/n, where n is the frequency, and w the 
angular velocity of the rotating vector whose projection upon a 
straight line represents the simple harmonic motion. Further, 
w=v/A; hence, 

Kinetic energy at. middle of oscillation = $mv? 
=4mwA? 
= 2r? mn?A?, 


Hence the energy of the oscillation is proportional to. the square 
of the amplitude and also proportional to the square of the frequency. 

By blowing a whistle by means of air at known pressure, Lord 
' Rayleigh found the energy per second necessary to blow the whistle, 
also the distance at which it is just audible was found, and ther 
allowing for the spreading out of the sound waves, it was found that 
the waves were just audible when the amplitude of vibration was 
8:1 x 10-3 cm. 

Limits of audibility—There is no lower limit of audibility for a 
note, since, as the pitch becomes very low, the note merely becomes 
resolved into the separate impulses of which it is composed (p. 669). 
But if the frequency rises very much, the note becomes very shrill. 
At a frequency of 15000 the note is little more than a hiss, and at 
some frequency above this it ceases to be heard at,all. Some people 
have a higher limit. of audibility than others, being able to hear a 
note of frequency 20000 or even 25000. Young people have usually 
a higher limit of audibility than older people, and many people 
are unable to hear the squeak of a mouse owing to its high pitch. 
By means of the Galton’s whistle (p. 710) a note of high pitch can 
be produced, and the pitch varied at will. In this way the limiting 
frequency of note which any person can hear may be found. 


Noise.—It does not follow that the sensation produced in the ear 
depends alone upon the energy transmitted as an air wave. In fact, 
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above æ certain frequence there is no sensation at all, although the 
energy may be very great. Also, discontinuous sounds such as an 
explosion or a scratching may produce. very great noise, although 
there is no definite frequency from which to calculate the energy. 

How, then, can noise be measured? The answer is in two parts. 
First a scale of energy is decided upon, and them an experimental 
comparison is made of the relation between energy and sensation. 

The bel and the decibel.—An interval of intensity corresponding 
to a 10-fold increase in energy is chosen as the unit, and is called 
the bel. Starting at an intensity near the threshold of hearing, the 
bel repeated 13 times brings the intensity to the pomt at which the 
noise begins to. be painful. If the energies or intensities start at 
some arbitrarily chosen value such as Ip, then the imtensities are 
I, =10I,, I, =101,, and so on, or 


Ip, 10Iq, 102%, 10%E, ..., 


represents a scale of bels and a value I, where N is the number of 
bels above I, is 10" Ip. 


I,, =10'7,, 
I, = 10 N, 
Io 
or N =log Iy 
10 L, p 


Thus the whole range of hearing corresponds to a scale comprising 
13 bels. This is too rough a scale for general use, so each bel is 
divided into 10 decibels. In the same logarithmic scale : 
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It will be seen from the above scales that any interval of N bels is 
n=10N decibels, and that 


To z A I; t n I, a ti 
I, =10 E toe ; T07 08105,» n=10 logio, 

This gives a scale of decibels, provided that the intensity I, can be 
measured experimentally and that Ip, the lowest intensity, is defined. 

An account of the measurement of intensity is beyond the scope 
of this book, but at present there are two methods available. The 
Rayleigh disc which is of light material, tends to set itself at right 
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angles to the motion of the particles of the sound wave. From 
the defiection of the disc and the constants of the apparatus 1t 1s 
possible to find the particle velocity in the wave, and so the excess 
pressure (p. 690). The other is the piston-phone, in which is a small 
cavity with a diaphragm in one wall and a piston connected to a 
microphone coil in the opposite wall. The movement of the piston 
enables the excess pressure to be calculated. 

The lowest intensity, Ij, has been adopted as that corresponding 
to a note of frequency 1000 when the excess pressure is 0:0002 dyne 
per sq. cm. For any other measured excess pressure the interval 
in decibels may be found by remembering that the excess pressure 
is proportional to the particle amplitude (p. 686), and the intensity 
or energy is proportional to the square of the amplitude. 


Io Po 
Ji “p 
logio — =logio— ; 
3 logio I, 5105 
Pn 


*, n=20 logio- 
Po 

The phon.—The interval of loudness corresponding to one decibel 
on the intensity scale is called the phon. The loudness in phons 
measured from some reference point is the really important quantity, 
as it is the one appreciated by the ear. The scale in phons cannot be 
determined by direct measurement without reference tothe ear. It is 
necessary to produce a known set of sounds measurable in decibels and 
then “match” the given noise or sound with a note of intensity known 
in decibels. There are various ways in which this may be done, namely 
to produce the two sounds simultaneously, one at each ear, changing 
over the sounds from one ear to the other frequently ; or to apply the 
sounds to both ears, but change the sounds frequently. The phon is 
about the limit of difference in loudness of which the ear is sensible. 

There are instruments on the market calibrated in phons by the 
use of devices intended to imitate the selectiveness of the ear, but 
in spite of the advantage of an instrument which reads phons by 
the movement of a pointer over a scale, is it doubtful whether such 
instruments have as yet imitated the ear satisfactorily. 

A few examples of loudness are given, referring to a scale whose start- 
ing point is frequency 1000, pressure 0-0002 dynes per sq.cm. Very 
quiet room (20 phons); in suburban train, window open (50 phons); in 
busy typing room (90 phons) ; near aeroplane engine (120 phons). 


Quality.—Our ability to distinguish between notes of the same 
pitch produced by different sources is due to difference in quality 


LUT COMPOUNDING OF VIBRATIONS 673 
amano ee Se 
or timbre, which in its turn is due to the complexity of the vibration 
producing the note. It very rarely happens that the sounding 
body executes a simple harmonic vibration. The vibration of a 
tuning-fork is very nearly simple harmonic, and the note given by 
a fork mounted on a resonance box (Fig. 660) is the nearest approach 
to a simple tone which we have. 


In all other cases the tone is not pure; that is, the vibration 
frequency which determines the pitch of the note is not the only 
one present, although the intensities of the others are usually less 
than that of fundamental, or note of lowest pitch. The other notes 
superimposed on this are called overtones, and are usually very 
simply related in frequency to i 
the fundamental. They consist 
of notes having 2, 3, 4, etc., times 
that of the fundamental. In 4 
the case of a stretched string (% 

(Chap. LVIII.) the number and 

intensity of the overtones depend 

upon the place at which the string 

is-struck or bowed, and in an 

organ pipe they depend upon f4) 

whether the pipe is ‘closed ’ or 
‘open’ (Chap. LIX.). 

The ear is capable of resolving 
unconsciously the complex wave 
due to such a source, and these overtones give rise to difference in 
quality of the notes which enables us from experience to recognise 
the source from which the note comes. 

In Fig. 617 (a) two separate simple harmonic waves are represented 
by displacement-time curves, one of which has twice the frequency 
of the other. In Fig. 617 (b), the wave compounded of these two is 
given. It is obtained by adding the ordinates of the other two 
waves. The ear is capable of recognising the two vibrations, when 
a wave of type (b) falls upon the ear. 

Compounding of vibrations——In the preceding case, an example 
has been given of the compounding of two vibrations, but these 
have been supposed to take place in the same direction. The 
resulting vibration is therefore complex, but is still in the direction 
of its components. When a body has two simple harmonic motions 
at right angles to each other, they may be compounded and the 
resultant motion obtained by means of a simple construction. 

Let cne of the vibrations take place in the direction AB and the 
other in BC (Fig. 618), the frequencies being equal. If the two 


Fig. 617.—Combination of two waves. 
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vibrations are in the same phase (p. 225) they both leave their 
extreme positions simultan- 
eously and also pass through 
3 i B their central positions simul- 


4 z ~~ z ps 
a ee ia 


taneously. Thus let the 
body start at the position A. 
Upon AB and BC construct 
semicircles and divide them 
into equal parts Aa,, a,b, ..., 
ate., Ba,, adpb,,..., etc. On 
account of the fitst vibration, 
the body’s position is given 
by the projection of Oja, 
and on account of the second 
vibration it would be given 
by the projection of Oa. 
Its actual position will there- 
fore be a. After she next 
interval it will be at b, then 
FIG. 618.—Two vibrations at right angles andin gt ce d. e. ete. In fact its 
the same phase. 2> i DOAA ; 3 

path will be along the dia- 
gonal AC. The second half of the vibration will be a return from 
C to A. The resultant motion will therefore be a simple harmonic 
motion along the diagonal 
AC. 

If the two component vi- 
brations are not in the same 
phase, the path of the resul- 
tant motion will be an ellipse. 
Let the body start at the 
middle position for the vibra- 
tion 2, and the end position 
for vibration 1.. Its real 
position is then given by A 
and dy; it is therefore at O 
(Fig. 619). 

One-sixteenth of a vibra- 
tion later it will be at 1; 
given by a, and e). Then at 
2, 3, 4, etc. During the 
remaining part of its vibra- 
tion it will complete the Fre. 619.—Two vibrations at right angles and 
ellipse. differing in phase by 1/2. 

It will be seen that if the amplitudes of the two component vibra- 
tions are equal, AB=BC, and the motion will be a circle. 
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Thus, if the two component vibrations are in the same phase, the 
resultant motion is a straight 
line, but when they differ in re 
phase by a quarter of a vibra- sftt 
tion the resultant is an ellip- 
tical, or circular motion. Farag 8 We 
These facts may be illus. Tn E E TN 
trated by means of a simple _! ares. ; 
pendulum consisting of a % 37} 
weight hanging by a thread. Y ---7 | | 
When vibrating, if it receives (Tp 
an impulse at right angles to VS ae 
its plane of vibration, at the Jala 
instant when it passes its t 
central point, it will then : 
execute a linear vibration as \ 


in Fig. 618. If, however, the 
impulse be given when at the tee 
end of a swing, the vibration 
will then become elliptical, or F1¢. 620.—Two vibrations at right angles with 
RE, frequencies as 2°. 1, 

Tf one of the component vibrations has twice the frequency of | 
the other, the resultant motion may be found as before. The method 
can be followed in Fig. 620, 
where the relative phases are 
ieee such that the path is a curved 
Bary ic: ““} one, AabedB; and in Fig. 621 
i it is a figure 8. For different 
wats phases the figure changes, and 
je Se if the ratio of the frequencies 
is not exactly the given frac- 
tion, then the form slowly 
changes from one shape to 
“lamge- oke t-e dade another. The three simplest 

; cases of compound vibrations 
are given in Fig. 623, the 
frequencies being 1:1, 2:1 
and 3:1. i 

Lissajous figures. — The 
above curves may be pro- 
duced by means of two tuning- 
F10. 621.—Two vibrations at right angles with forks, a beam of light being 

TE E: reflected from two mirrors in 
turn, one attached to each fork. If the mirrors are attached 
directly to the forks, the resulting motion of the beam of light is 


RE 
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so small that the figures can only be produced on a very small scale. 
But by attaching a small mirror, such as a galvanometer mirror, 
to a thin strip of mica fastened to the prong of the forks, as at M, 
and M, (Fig. 622), the amplitude of movement of the reflected beara 
` of light may be considerable, and the figures are produced on a 
large scale upon a screen. After a very few vibrations, the motion of 
the mirror will be an accurate magnified copy of that of the forks. 
A powerful source of light is situated behind a screen having a small 
hole S init. The lens L then is adjusted in position until it produces 
a sharp image of S at a distance equal to that of the screen. The 
mirror M, is now placed to receive the beam of light, which then 
passes to M, and thence to the screen. If the fork F, only is in vibra- 
tion, the spot of light on the screen executes a vertical motion and 


I 
EA 


FIG. 622.—Apparatus for producing Lissajous figures. 


appears drawn out into a vertical straight line. The vibration 
of F, alone would draw it out into a horizontal straight line. When 
both forks vibrate simultaneously the spot describes a path whose 
shape depends upon the frequencies and phases of the forks. Such 
figures are called Lissajous figures, and they enable us to determine 
with great accuracy the ratio of the frequencies of the two forks 
when the ratio consists of small whole numbers. 

Thus, if the frequencies are 1:1 the figure will be of the form in 
Fig. 618 or Fig. 623. If the frequency is exactly 1:1 the Lissajous 
figure will remain constant, but if it differs from 1:1 by a very small 
amount, the figure will gradually change, going through the series 
and returning to its original shape when one fork has executed 
exactly one vibration more than the other. 

Thus, if one fork has a frequency of 256 and the complete 
cycle of change of the Lissajous figure is made in 10 seconds, then 
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while one fork has made 2560 vibrations the other has made 2559 
or 2561. Which of these numbers is correct can be determined, 
either by noting the direction of change of the figure, to see which 


Phase 
difference 


Ratio of the frequencies. 


Fig. 623.—Lissajous figures. 


fork gains on the other, or by slightly loading one fork to make it 
vibrate more slowly, and noting the change produced upon the 
figure. In Fig. 623, Lissajous figures for the frequency ratios 
2:1 and 3:1 also are shown. 


EXERCISES ON CHAPTER LIII. 


1. How does a noise differ from a musical note ? 
Describe a siren, and explain how you would use it to determine the 

frequency of a note. 

2. Describe a method by which the frequency of a fork may be deter- 

=” mined by tuning a siren to give the same note. 

3. Show that the kinetic energy of a vibrating body is proportional 
to the square of the amplitude of vibration. 

4. Describe how two simple harmonic motions taking place in the 
same direction may be compounded. Also, how two simple harmonic 
motions in directions at right angles to each other may be compounded. 


5. What are Lissajous figures? How may they be used to compare 
the frequencies of two tuning-forks ? 

6. Explain fully how a siren may be used to determine the frequency 
of a tuning-fork; and suggest some method for checking the result 
obtained. 

A siren having a ring of 200 holes is making 132 revolutions a minute, 
and it is found to emit a note which is an octave lower than that of a 
given tuning-fork. Find the frequency of the latter. L.U. 


678 | SOUND Tir. 


7. Show that two simple harmonic motions at righit angles to > each 
other, simultaneously impressed upon a body, may give it an elliptical 
motion, which under certain circumstances becomes circular. ye 1 Ue, 


8. Two tuning-forks whose frequencies are aprons in the 
ratio 2: 1 are employed to produce Lissajous figures, and it is observed 
that the figure goes through a cycle of change in 15 sec. On loading 
slightly the fork of upper pitch the figure goes through a cycle of change 
in 10 sec. If the fork of lower pitch has a frequency of 300, grat is the 
frequency of the other fork before and after loading 2 ? 


9. A body executes a simple harmonic motion of tafalllinde 1-5 cm., 
and frequency 88 per sec. If its mass be 0:8 Sg find the kinetic energy 
when at the middle of. an oscillation. _ 


10. Upon what does the quality of a musical note depend p How i is it 
that the ear can detect a difference between the note produced by a a tuning- 
fork and that produced by an organ pipe when both notes have the same 
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CHAPTER LIV 


WAVE MOTION 


Transmission of sound.—It is obvious that something passes from 
the sounding body to the ear, in order to produce the sensation of 
sound. From the motion of the sounding body we should conjecture 
that some sort of wave motion is l 
passing outwards from it. That 
the air is the medium in which 
this wave motion takes place may 
be shown by hanging up an electric 
bell, inside an air-tight bell-jar, 
and gradually pumping the air out 
(Fig. 624). As the amount of air 
in the jar becomes smaller, the 
sound of the bell gets feebler. 
Complete silence is never attained, 
because the bell must be sup- | 
ported in some way, and waves 

' pass to some extent through the 


t 


tirta 


i Fig. 624.— Experiment to show that sound 
supports, even though the bell ed botr, 


be hung by india-rubber cords. 
Nevertheless, the great reduction in the sound shows that the air 
is the chief medium for the transmission of sound waves. 


All material substances, however, can transmit sound waves; if 
a faint tapping or scratching be made at one end of a long table, 
the sound can be heard on putting the ear to the other end of the 
table, even when the noise is too faint to be heard when the ear is 
not placed close to the wood. This shows that the sound waves 
have been transmitted through the wood. 

Transverse waves.—There are two types of wave motion. In 
one, the particles of the medium travel in paths at right angles to 

D.S.P. 2x 
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the path of the wave, as in the case of waves upon the surface of 
water. In the other, the particles of the medium travel backwards 
and forwards in a path whose direction is the same as that in which 
the wave is travelling. The former kind is called a transverse wave, 
the latter a longitudinal wave. Sound waves are of the longitudinal 
type; these are not so easily represented, or studied, as transverse 
waves, which will therefore be described first. 

The most familiar case of a transverse wave is perhaps that 
which travels along a rope or string if one end is suddenly jerked 
sideways. If the rope is not stretched too tight the wave can be 
seen travelling along it. If the end be given a backwards and 
forwards motion, a succession of waves will travel along it, and if the 
motion given to the end he 
simple harmonic, the wave can 
beconveniently represented by 
a sine curve. The displace- 
ment of each particle is lateral, 
and at any instant may he 
represented to scale by a curve 

FIG. 625.—Graphiical representation of a of the form ABCDEF (Fig. 625). 

; As the wave passes, each piece 
ot on string executes a simple harmonic motion of amplitude Bb 
or Ff. 

From analogy with waves on the surface of water, B and F are 
often called crests, and D a hollow. 

The motion of any part of the string repeats itself after a length 
of wave equal to AE passes over it ; AE is therefore called the wave- 
length. The wave-length is therefore the distance between any 
two consecutive parts of the medium whose vibrations are in the 
same phase. Thus, BF =AE=A, the wave-length. 


Relation between wave-length, frequency and velocity.—While 
the end of the string executes a complete vibration, the wave travels 
a distance A along the string. Therefore, if n vibrations are made 
in one second, the disturbance emitted at the beginning of the second 
will have travelled a distance nà by the end of that second. This 
is the velocity V of the wave in the string ; 

*. Vem~. 
It is a general fact, quite independent of the form of the wave, that 
Velocity of wave = frequency X wave-length. . 


Wave velocity and particle velocity —It must be carefully borne 
in mind that the velocity of the wave is quite distinct from the 
velocity of a particle of the medium in which the wave is travelling. 
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Thus, if the wave ABC is travelling forward with velocity V, any 
particle such as a (Fig. 626) 
which vibrates transversely 
about some mean position, 
has a velocity v, which varies 
from instant to instant. In 
a transverse wave V and V are 
at right angles to each other. 

While the wave moves 
forwards through the small : 
distance be, the particle FıG. 626.—Diagram for finding particle velocity. 
moves through the distance ac. Now ac/be is known as the slope 
of the curve ABC; 

Particle velocity 
` Wave velocity 

Thus, at B the particle velocity at the given instant is zero, while 
at A and C the particle velocity is greatest. 

Equation of simple harmonic wave.—It has already been seen 
that a simple harmonic motion can be represented by the sine of 
ə continually increasing angle (p. 664), and therefore has the form 
y=asinwt. The angular velocity w is that of the rotating vector 
in Fig. 608. If T is the time for one rotation, w=2r/T, and the 
equation for the simple harmonic motion may then be written 


=slope of wave curve. 


: t 
y=asin 2m = 


Therefore every particle of a medium through which a simple 
harmonic wave is passing, executes a vibration of the type given 
by this equation. But the 3 
vibrations are not all in the 
same phase, or there would be 
no progressive wave. Hach 
particle is a little later than 
the one behind it, and this 
lateness in phase increases from 
point to point along the wave. ar 

Thus the particle at B (Fig. 627) is always a quarter of a period 

later than one at A. That at C is half a period later than A and so 
on until at E the particle is a whole vibration (or 27) later than 
A; this is equivalent to saying that it is in phase with A. Thus the 
equations to the motion of the particles B, C and D are respectively, 
us 

y=a sin (2m 2 -3) y=asin (2-7) and y=asin (24-53) ; 


Fig. 627.—Curve for harmonic wave. 


` 


t y t 
and for E, y=asin (2x 77 27) =a sin 2r T 
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The distance from A to E is the whole wave-length A. Measure 
distances from A as origin where the particle is just about to start 
a vibration, and let 2 be the distance from A of a particle at d. 
The distance Ad is z/A of a wave-length, and the retardation in phase 
between A and d is x/A-2m. Hence the equation of motion of the 
particle d is ( 


=a gin 2 5-3) 
or y =a sin 27 FTX s 


This equation gives the complete form of the wave, for by 
putting any given constant value for x, we obtain the equation 
for the motion of the particle at this point. Again, if we put any 
constant value for ¢, it gives us the shape of the whole wave at 
this instant. Thus, when t=0, y= -asin 2m g/à, and this is the 
equation to the curve at thie 
instant shown in Fig, 627. 

Longitudinal waves.—Sound 
waves in air are entirely 
longitudinal waves. Hence 
the form of the wave cannot 
F10. 628.—Demonstration of compression wave. be shown by a sine curve such 

as that of Fig. 627. In order 
to understand the propagation of a longitudinal wave, consider a 
row of marbles resting in a straight groove and touching each other 
(Fig. 628). If one marble be driven against the end of the row at A, 
one will fly off at the 
other end of the row at 
B. The reason is that 
when the marble at A 
is struck it is momen- 
tarily compressed. In 
recovering its shape it 
compresses the marble 
in front of it, and so on 
along the row. The 
last but one drives off 
the last marble in re- 
covering. Thus a wave 
of compression travels 
down the row. If two marbles in contact be driven against A, two 
will fly off at B, since two compression waves, one following the 
other, pass down the row. 

A further illustration of a compression wave may be obtained 


$ 


SN 
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Fig. 629,—Demonstration of longitudinal waves. 
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by suspending a spring from a frame-work by means of threads as 
in Fig. 629. 
On pushing the end A of the spring suddenly forward, the end 
part becomes compressed. This part 
in recovering will compress that in AB@OD-----------......... 
front of it, and so on. If the spring is | | í | | | | | || | l | | 
very light and strong the compression c | 
wave travels too quickly to be seen 
very well, but if the spring is of thin LUN | | | il | | i 
iron wire and is weighted by clamping C 
little pieces of lead to it throughout | LUMI | i | | | | | 
its length, the compression wave can ' 
be followed as it travels along. C 
We can conjecture from the above, | | || | WE | | | | 
what a compression wave in air is like. 
For, if ABCD, etc. (Fig. 630), represent 
equally spaced planes in air when the pressure is uniform through- 
out, then if A be suddenly driven to the right, the air in the 
neighbourhood of A and B is com- 
| | | | | | | i | i | i | pressed. This in recovering com- 
R presses the air in front of it and 
ERETTE III [I] | so on. The successive rows repre- 
R sent stages in the progression of the 
| | | |] l | | | | i l | l compression wave © from left to 
R right. 
IILH l l ESIE If, on the other hand, A had been 
pulled to the left, a lowering of 
pressure would have been produced, 
and in a similar way a rarefaction R would have travelled along, 
as represented in Fig. 631. , 
Now, if A is the prong of a tuning-fork, when it travels to the 
right a compression is started. When 


it moves to the left a rarefaction is y iiil | | i | | | | | | 


Fria. 630.—Compression wave. 


Tic. 631.—Rarefaction wave. 


started. These follow one another, and 


as the fork vibrates, a succession of eee 
compressions and rarefactions will travel |I | Ill l | | | | | | 
forward. 


_ > 
In all these cases, the movement of Vill | H | Ili i| | | 


the air particles is in the same direction wyi a 
as that in which the wave travels, and l i l Hi i | illli 
the waves are therefore of the longitu- y 
dinal type. 

If the prong of the fork moves very 
slowly backwards and forwards, no wave is produced, because the 
air merely flows round the fork as it moves. The motion of the 


FıG. 632.—Longitudinal wave. 
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fork must be sufficiently rapid to produce compression in the air, 
or there will be no wave. The action is similar to that of gun- 
powder. If this burns slowly in thc open, the gases produced are 
able to pass slowly outwards and there is no explosion. If, however, 
the powder can be exploded instantaneously there is no time for 
the gases produced to escape, and they suddenly compress the air 
surrounding them, giving rise to a compression wave which pro- 
duces the characteristic sound of an explosion. 
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FıG. 633.—Crova’s disc. 


The motion of the air through which a harmonic wave is passing 
may be illustrated very well by means of Crova’s dise. A number 
of circles increasing in radius by small steps are drawn with centres 
equally spaced round a small circle 123, etc. (Fig. 633). A strip of 
cardboard or metal has a rectangular slot cut in it and is placed 
with the slot over the circles so that small parts ABC, etc., of the 
circles can be seen. On rotating the large circles about the centre 
O, each small part ABC, etc., moves backwards and forwards along 
the slot over a path equal to the diameter of the circle 123, ete. 
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Compression and rarefaction waves will then be seen to travel 
successively along the slot. 


Representation of a longitudinal wave by a sine curve.—Since the 
particles of the medium move in the direction of propayation of the 
wave, it follows that in the case of a longitudinal wave, particles 
originally in a straight line in the direction of the wave remain in 
that straight line. This row of particles will never take the shape of 
a sine curve, as do the particles in the case of a transverse wave 
(Fig. 625). The correct representation of the wave must therefore 


Fic. 634.—Displacement curve for longitudinal wave. 


be by means of a row of strokes or dots as in Fig. 632. Never- 
theless the wave may be represented diagrammatically to scale by 
means of a sine curve in the following manner : 

If ABC ... EFG (Fig. 634), are the undisturbed positions of certain 
particles, then at a given instant er the passage of the wave, 
their eee. may be B’, C’,... etc....E’F’. If we make BbD=BB’, 
CeSCC 7, 6c., and F= FF: ene tees a displacement to the right 
hand ie and to ne left hand downwards, the curve Abcd .. 
etc. ... efy is obtained, in which the ordinates represent the P 
ments of the particles. Such a curve is called a displacement curve 
for the wave, and the change in displacement of the particles may be 
found by moving such a curve with the velocity of propagation of 
the wave, as on p. 681. 

Owing to the usual smallness of the displacements in the case of 
an actual air wave the curve is very flat, but there is no reason 
why the displacements should not be represented by ordinates 
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drawn to scale. Thus, in the curve Ab’c’d’ ... etc. ... e'f'g', every 
ordinate is twice the corresponding ordinate of the curve Abed ... efg. 


Compression curve.—It will be seen in Fig. 634 that L is a point 
of compression, because the air both in front and behind is displaced 
towards L, so that the density of the air is above the average. 
Similarly A and M are points of rarefaction, because the greatest 
separation of the air particles occurs there. 

It is now possible to draw a new curve which represents the amount 
of compression, or rarefaction, at each point of the wave. Let 
ABCDE (Fig. 635 (a)) be the displacement curve for a given wave. 
For two neighbouring points, e and f, the displacements are eg 


Š 
3 
(a) Š 
2) 
S : 
i 
i 
I 
' 
(ò) 
. 


Rarefaction Compression 


Fır. 635.—Compression curve for longitudinal wave. 


and fh. Consider ACE to be the axis of a cylinder of unit cross- 
section ; when there is no displacement, the air within this cylinder 
is in a similar condition to the air outside, and the volume of air 
between two planes, at right angles to the axis and passing through 
e and f, is ef. Now when the wave is in the position shown 
(Fig. 635 (a)), the plane through e is displaced forwards a distance 
eg (to scale) and the plane through f is displaced through distance 
fh. If these displacements were equal, the volume of the air would 
still be ef, but as they are not equal there is a change in volume 
equal to fh—eg=hk (to scale). Hence the amount of compression 
or rarefaction, that is, the volumetric strain (p. 154) in this air is equal 
to hk/ef. When e and f are very close together hk ef is the slope 
of the curve, and hence the slope of the displacement curve measures 
the amount of compression or rarefaction at any point. Comparison 
with Fig. 634 shows that when the slope is in one direction it 
indicates a compression, and in the other direction a rarefaction, 


w 
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and where the displacement curve is horizontal there is neither 
compression nor rarefaction, the pressure being normal. In Fig. 
635 (b) the slope of the curve ABCDE has been plotted to scale. 
Thus there is maximum compression at R, and maximum rarefaction 
at P and T 


EXERCISES ON CHAPTER LIV. 


1, Explain the difference between a transverse wave and a longitudinal 
wave. Of which type is a sound wave ? 


2. Explain the terms ‘ wave-length’ and ‘ frequency.’ 
A given tuning-fork produces air waves of which the wave-length is 
2} feet. If the velocity of the waves is 1100 feet per second, what is 
the frequency of the fork ? 


3. Show how a transverse wave may be represented by means of a 
curve, and also how the velocity of any particle may be found from this 
curve. 


4. Describe how a longitudinal wave may be represented by a sine 
curve. What is the distinction between a displacement curve and a 
compression curve ? 

The disc of a siren having a circle of 40 holes rotates uniformly 500 
times in | minute 24 seconds. Find the frequency of the note emitted, 
and its wave-length in air if the velocity of sound in air is 34,000 cm. 
per second. L.U. 


6. Explain the terms ‘ frequency’ and ‘ wave-length.’ 
Draw diagrams to illustrate the difference in character of a compression 
wave and a transverse wave having the same frequency and wave-length. 
L.U. 


7. Define and explain the terms frequency, amplitude, and wave-length 
as applied to sound waves in air. What are the differences in the sensa- 
tions perceived which correspond to differences in these quantities ? 

The shortest wave-length that is audible is about 1 8 cm., and the longest 
about 900 cm. What is the frequency in each case? What is approxi- 
mately the number of octaves interval between them ? 

Velocity of sound in air, 33,000 cm. per sec. L.U. 


8. Discuss the nature of the vibrations in air, when sound is trans- 
mitted through it. i 

In the case of a musical note, what characteristics of the vibration 
determine the pitch, intensity, and quality, respectively, of the note ? 


ie e 


CHAPTER LV 


SOUND WAVES, VELOCITY, Erc. 


Velocity of sound waves.—Air has’ only one kind of elasticity, 
that is, bulk elasticity, or elasticity for compression (p. 154). Hence 
the only kind of wave that can be transmitted by air is the com- 
pression wave. It is of importance to determine the velocity of 
such waves in air, and two methods for doing this are open to us. 
The velocity can be calculated from the known elasticity and density 
of the air (p. 412), or it may be determined by direct measurement. 

That the velocity of sound waves is not exceedingly great is 
obvious, for on observing anyone at a distance hammering, the sound 
of the blow will be heard after the hammer is seen to fall, and the 
interval is greater, the greater the distance between the observer 
and the hammer; also the interval that elapses between lightning 
and thunder is familiar to everyone. The further one is from the 
actual flash of lightning, the more the sound of thunder will be 
delayed. About five seconds per mile gives a rough estimate of 
the distance. 


Velocity of sound by gun method.—Many determinations of the 
velocity of sound have been made by measuring the interval between 
seeing the flash and hearing the report of a distant gun. The method, 
although simple in principle, is liable to a number of errors. 

(i) Effect of wind.—When the whole mass of air is moving, that 
is, when there is a wind, the velocity of the sound waves relatively 
to the ground is not the same as the rate of propagation through the 
air. Thus if the wind is blowing from the gun to the observer, the 
velocity of sound is increased by the velocity of the wind; when 
the wind blows in the opposite direction it is diminished by an equal 
amount. The effect of the wind may be eliminated by taking 
observations in both directions. Thus one observer fires a gun and 
another at a distance measures the time interval. Then the second 
observer fires a gun and the first observes the interval. By means 
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of these reciprocal observations, the true velocity is found, being the 
mean of the two observed velocities. When the direction of the 
wind is oblique to the line joining the observers, the calculation is 
more complicated; but the simple mean value is very near the 
truth, except when the velocity of the wind is very grcat. 

(ii) Personal equation.—The time observations are made by means 
of a stop-watch, chronometer, or better still, by the chronograph 
driven by clockwork (p. 667). As, however, the sight impression 
of the flash of the gun and the sound impression made by the report 
take different times to react upon the observer and to be recorded 
by him, another error is introduced. This is known as the personal 
equation of the observer, and it differs for different observers. It 
is necessary to measure the personal equations of the observers by 
sepatate experiments and to apply the corrections to the velocity 
observations. 

(iii) Temperature and hygrometric state of the air.——The velocity 
of sound depends upon the temperature and density of the air, in 
a manner to be explained later (p. 693). It is therefore necessary 
to pep the observations in order to find the velocity in dry air 
at 0° ©. 

The mean of the best results of observations of the velocity of 
sound waves in air by direct experiment gives the value 332 metres 
per second at 0°C. 

Velocity in tubes.—Several experimenters have measured the velocity 
of sound in tubes, and the experiments of Regnault are the best 
known. Regnault endeavoured to avoid the error due to personal 
equation by using mechanical means to record the times. A wire, 
stretched over the muzzle of the gun is broken when the gun is 
fired. This breaks an electric current circuit and causes a signal to 
be recorded upon the revolving drum of a chronograph (p. 667). At 
the receiving end, the wave enters a cone, ending in a cylinder, across 
the base of which is stretched an india-rubber membrane. The com- 
_ pression wave drives the membrane forward, and in doing so either 
makes or breaks another electric circuit, producing another mark 
upon the same drum of the chronograph used for recording the gun 
firing. The personal equation is not really eliminated, as this, 
even in the case of the human ear, is partly due to physical causes. 
In fact the arrangement of india-rubber drum, electric circuit, and 
chronograph has a “ personal ” equation, although this is likely to 
be more nearly constant than in the case of an animate observer. 

Regnault found that the velocity of sound becomes greater with 
increasing intensity of wave. As the intensity gets less the velocity 
decreases for a time, but reaches a limiting constant velocity. This 
limiting velocity for feeble sounds in open air at 0° C. he found to be 
330°6 m. per sec. 
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In tubes, the diameter affects the velocity up to a diameter of 
about 1 metre. For wider tubes the velocity is the same as in open 
air. In a tube of 10°8 cm, diameter the velocity was 324-25 m. 
per sec., and in smaller tubes the velocity was found to be 
still less. 

* Velocity of sound by calculation.—The velocity of a compression 
wave can be deduced from a knowledge of the elasticity and density 
of the medium through which the wave is passing. For any small 
part of the medium, the motion is determined by the fundamental 


relation, Force =mass x acceleration (p. 67). 


Let AB (Fig. 636) be the displacement curve for any compression 
wave in general. Then for a thin layer of gas, ef, it was seen on 
p. 686 that the volumetric strain is hk/kg. 


stres 


Now, Bulk modulus of elasticity = oa (p. 156). 
A But, _ strain = A 
Bag Z 
: .. stress SK- ae 
3 } kg 
a j x Again, at e'f’, stress =K - ETE 
Q Ef PU ts 3 Z 


Fia. 636.—Displacement curve. But the stress is the excess of pres- 
sure at any point above the normal 
pressure throughout the medium. Hence the excess of pressure 


at ef is hk 
=K. >) 
P kg 

and at e'f’, p'=K. pai 


.. Difference of pressure at ef and e'f” 
anges é -E 
tabs wo hg kg) 
Now, consider a tube of the gas of unit cross-section, the tube 
being parallel to OX, the direction of propagation. The layer of 
gas between e and e' has a force p exerted upon the face e, and an 


opposite force p’ upon e’. Hence the resultant force acting on this 
layer is p-p’. Again, the mass of gas in this layer is 


vol. x density = ee’ x d. 


* May be omitted on first reading. 
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But j Force = mass x acceleration ; 
.. p—p' =ee’ x dx acceleration ; 


p-p «(a Ey) 


= 


.. acceleration = 


ce KURVE 
hk k'k 
_K kg kg 
= | ees Bees E 


Again, let V be the velocity of propagation of the wave in the 
direction OX; then the time required for the wave to travel over 
the distance ef is ef V, and in this time the displacement at e or j 
changes by the amount (eh — fg) =hk ; 


*, velocity of particle at ef Bo 


hk V 
of 
k'k’ re 
yr etd = 
`. while the wave travels from ef to e'f’ the particle velocity 
changes from v to v’ and the time taken is ce’/V ; 


"r v=V 
and velocity of particle at e’f’=V 
v-v 


/ 


ce 


. : v—v' 
*, acceleration of particle = ees antes 


Vv 
ae 
avae. TA (2) 


Equating the expressions for the acceleration given by (1) and 


(2), we obtain Game 
d 

K 

or V= Ris 


Velocity of sound in terms of pressure and density.—The fact that 

modulus of elasticity Sas first 
density 

established by Newton. He took the elasticity to be the pressure, | 

in absolute measure, of the atmosphere. Thus, consider a given 


the velocity of sound is equal to 4 
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quantity of air to have pressure p, and volume 1, and let these 
change by a very small amount at constant temperature, becoming 
p, and Vp. 

Then, from Boyle’s law (p. 396), 


P11 = Pere: 


Also the stress Ps- pı, produces the strain “1, and from the 
1 


definition of the bulk modulus of elasticity, 


K = stress _ ( T Pa) v Breas Pw, 


strain \Ui— V2 V =V 


Now, replacing pw, by PW we have 


Hence the elasticity is represented by the absolute pressure, 
provided that the temperature is constant. 


For air at 0° C., p=13:6 x76 x 981 dynes per sq. cm., 
and d=0:00129 grams per c.c. ; 


13:6 x 76 x 981 
0:00129 
This value is too low, and the reason for the discrepancy was 
pointed out by Laplace. The compressions and rarefactions in a 
sound wave occur so rapidly that thè rise of temperature during 
compression, and the lowering of temperature during rarefaction 
have not time to become obliterated by conduction. When a gas 
expands, or is compressed so rapidly that no heat leaks in or out, the 


change is said to be adiabatic, and Boyle’s law no longer applies. In 
its place, the relation, 


.. Velocity of sound = 


= 28100 cm. per sec. 


DP" = Py", 
holds good (p. 430), where y is the ratio of the specific heat of air 


af constant pressure to that at constant volume, which in the case 
of air is 1°41. 


Now the relation between pressure and volume may be written 
P101” = Po (V1 — V1 +V)” 


VU, UN" 
= PV” (1 -1-2 . 


1 
Expanding the last expression by the binomial theorem, we have 
1 -yt yy (ee)! 


vi 


O 1&8 
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But if the change in volume, that is, v,—v, be extremely small, the 


. . epe 2 . 
terms containing (= and higher powers may be neglected ; 
1 


/ V,- 
`. Py=P,(1-y4 2), 
Pe lag Sama v, 
Pee PE 
or V1 — Vo vi = YP2, 
that is, modulus of elasticity K = ypz, 
and velocity of sound = a 2 : 


Using the same data as before for the atmosphere, 


1-41 x 13-6 
Vex a e = 33160 cm. per sec. 


This is in close agreement with the value obtained by experiment, 
and therefore establishes the truth of Laplace’s correction. 


Effect of pressure upon the velocity of sound.—If the pressure a 
the atmosphere could be changed without altering the density, the 
velocity of sound would be changed. But, provided that the tem- 
perature remains constant, the density of the atmosphere is pro- 
portional to the pressure, from Boyle’s law. Hence the numerator 
and denominator in the expression /yp/d both vary in the same 
ratio. It follows that the velocity of sound in any gas is independent 
of the pressure, so long as Boyle’s law holds good. The variation 
in height of the barometer does not, therefore, affect the velocity of 
sound. It has been established by direct experiment that the 
velocity of sound at a considerable height up a mountain is the same 
as at the sea-level. 

Effect of temperature upon the velocity of sound.—The pressure of 
the atmosphere does not depend upon the temperature of the atmo- 
sphere ; consequently the numerator in the expression ~yp/d does 
not alter with change of temperature. But the density of the 
atmosphere does depend upon the temperature. Fora given mass of 
gas, let the density at T, be dọ, where T, is the absolute temperature. 
Then if the temperature becomes T, the density changes to d,, and 


71 (p. 411 
a eel 


% 
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Now the velocity of sound at 0° C., or To, is given by the equation 


lyp_ fyp-T1. 
and V, = = = > 
, dı doTo 
aea 
To Vo To 


That is, the velocity of sound in air is proportional to the square 
root of the absolute temperature. If the temperatures are expressed 
upon the Centigrade scale, the relation becomes 

Ve =Vo J + at), 
where V; is the velocity at t C., and a is the coefficient of expansion 
Or sis: 

By means of this relation the velocity of sound, measured at any 
temperature, may be corrected to 0°C. For ordinary atmospheric 
temperatures this correction amounts to about 61 cm. per sec. per 
degree. 


Velocity of sound in gases other than air.—Since other gases have 
densities differing from that of air, the velocity of sound in them 
will differ from that in air. The relation between the velocities 
may be seen from the following : 


Viir = Ae Vegas pa yP ; 
ir 


¢ gas 
- Vair $i fie 
Vegas dase 


That is, the velocity of sound in a gas varies inversely as the square 
root of the density of the gas, provided that y has constant. value. 
Thus, since oxygen has 16 times the density of hydrogen, 


Vhydrogen sal i 16 ie 


— =$, 
Voxygen 1 
$ V 1-29 
d ag SS ALLA 5 2 OIA tk Fa 
and again, Vai 0-0859 3°79, 


Vnydrogen = 332 x 3-79= 1260 m. per sec. at 0° C. 


The correction for moisture in the atmosphere follows from the 
above considerations. Thus, if the relative humidity of the air be 
known, its density compared with dry air at the temperature of 
observation can be found, and, from the ratio of the densities, the 


LA VELOCITY OF SUUND IN WATER out 
nv Se En eee 
velocity of sound in dry air can be calculated, knowing the observed 
velocity in the moist air. 

It should be noted that y, the ratio of the specific heats (p. 692), has 
been assumed to have the same value for all the gases considered. 
This is justified in the case of ordinary gases, but for some, such 
as mercury vapour, helium, or argon, this quantity has a value near 
to 1-66. In fact, an experimental determination of the velocity 
of sound, together with a measurement of the pressure and density, 
affords a method of determining y, the ratio of the specific heats in 
cases where these cannot be measured directly. 

Velocity of sound waves in water.—The expression 


modulus of elasticity 
density 


correctly represents the velocity of all waves which owe their pro- 
pagation to the elasticity of the medium in which they exist. It 
is not, however, always clear at first sight which modulus of elasticity 
must be taken. It was seen on p. 693 that in the case of a gas. 
yp represents the correct modulus of elasticity for the calculation 
of the velocity of sound waves. In the case of a liquid such as 
water, the bulk modulus must be used, but this is not so simply 
obtained as in the case of a gas. The expansibility of a liquid being 
very much less than that of a gas, there is much less error in using 
the isothermal elasticity instead of the adiabatic elasticity. Taking 
the bulk modulus of water to be 2-04 x 101° and the density to be unity, 
the velocity of sound should be ./2-04 x 1010 = 143000 cm. per sec. 

This is not far from the experimental determination of 139900 cm. 
per sec. at 4°C. made by Martini in 1888. Colladon and Sturm 
arranged for a bell to be struck under water in Lake Geneva, the 
sound being detected at a distance by a large trumpet-shaped 
receiver, the larger lower end of which was immersed, while the small 
upper end was placed to the ear. The striking of the bell was accom- 
panied by the ignition of some gunpowder above the surface of the 
water. The observer timed the interval between the flash and the 
sound. The value obtained was 143500 cm. per sec. at 8-1° C. 

Velocity of sound in rods.—Solids are capable of experiencing 
various kinds of strain, and therefore there are possibly many forms 
of wave transmitted. The only kind that will be considered here 
is that of a compression wave travelling along a narrow rod or wire. 
In this case the required modulus of elasticity is obviously Young’s 
modulus (p. 156), and the expression 


Young’s modulus of elasticity 
density 
gives correctly the velocity of sound in such bodies. 
D.S.P. 2Y 
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The velocity may be determined by experiment, as described in 


Chap. LIX. ; i l 
The following table gives the velocity of sound in rods for different 


substances. 
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Material. Cm. per sec. 
Aluminium - - 5-10 x105 
Glass (soda) - - | 50-5:3 x105 

», (flint) - - 4-0 x 10° 
Brass - - - 3°65 x 105 
Deal (along the grain) 5-0 x10 
Fir F ‘3 -| 4:5 -—5:3 x 10° 
Oak a a - | 4-0-4-4 x 10° 
Ping? ae ue - 3:3 x 105 


Inverse square law.—The falling off in the intensity of sound due 
to a sounding body as the distance from it increases, may easily be 
found, provided that the sound waves spread out uniformly from 
the body in all directions. If, however, this uniform spreading out 
is interfered with by the process of re- 
flection or refraction, the following simple 
Jaw no longer holds. 

Let A (Fig. 637) be the sounding body, 
and let the energy radiated in the form of 
sound waves in one second be a constant 
quantity. Then the energy in a spherical 
shell of radius 7, and thickness unity is, 
at any moment, equal to 


Vol. of shell x energy per c.c. =477r,? x I), 


Vic. 637.—Mustration of the ` i i 
lawoi davera where I, is the energy per c.c., or the in- 


tensity of the sound at the point B. 
Similarly, the energy in a shell of radius 7, at any instant is 
given by 


Vol. of shell x energy per c.c. =4rr,? x Iz. 


Now, the energy emitted in the form of a wave motion, in a given 
time, is constant and therefore the amount in each of these shells 
of equal thickness is constant ; 


c. 4rri x I = trr x I, 
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or oS et i; 
I, n? 
pia Intensity of sound at distance r} 1,2 


Intensity of sound at distance r, r,2 


That is, the intensity of sound due to a given source varies inversely as 
the square of the distance from the source. 


Speaking tube and sounding board.—The inverse square law only 
applies when the sound wave spreads uniformly in all directions. 
A sounding body near the surface of the earth produces sound waves 
which can spread outwards in one direction only. Thus, a man at 
the top of a ladder can hear another on the ground speaking, better 
than he can be heard by him. This is sometimes explained by the 
statement that “sound rises,” but this is obviously untrue. The 
explanation is that the sound waves from the man at the top of the 
ladder spread out vertically both upwards and downwards, and 
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Fia. 638.—Speaking tube. 


therefore have less intensity at a given distance, than the waves 
from the man on the ground, since these only spread upwards over 
a hemisphere. If the waves are prevented from spreading altogether, 
it follows that they will fall off very little in intensity as they travel. 

Thus, the waves produced at one end of a tube will travel down 
the, tube without spreading, and can be heard clearly by an ear 
placed at the other end of the tube. Except for the energy wasted 
through friction between the air and the tube there is no reduction 
in the energy of such waves. This arrangement is known as the 
speaking tube, and is used in place of the telephone for transmission 
of speech for small distances. | K% 

The sounding board sometimes placed over the speaker’s head 
in very large buildings prevents the spreading of the sound waves 
in an upward direction, so that the whole energy is given out in an 
approximately horizontal direction. The falling off in intensity is 
then more nearly inversely as the distance than inversely as the 
square of the distance. 


Reflection of sound waves.—When a compression meets a rigid 
wall it can, in recovering, compress only the air behind it. The 
direction of a compression wave is therefore reversed on meeting 
a rigid obstacle. This process is called refection. Reflection 
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may occur under a variety of conditions, but wherever there is 
a discontinuity of the medium, reflection occurs. We shall see later 
(Chap. LIX.) a case where reflection occurs at the open end of a tube. 
If A (Fig. 639) be a sounding body, the waves of compression 
and rarefaction on meeting a rigid wall at C are reversed in direction, 
and as each part of the spherical wave arrives, the component of 
its velocity perpendicular to the wall is reversed. The reflected 
wave is still spherical, but is travelling outwards from A’ as centre 
instead of A. A’ is said to be the sound, or acoustical, image of A. 


Fig. 689.—Reflection of sound waves. Fria. 640.—Parabolic reflector. 


Reflection by curved surface.—In Fig. 639 the reflected waves 
have the same curvature as the incident waves; but when the 
reflecting surface is itself curved, this is no longer the case. Thus, 
if the sounding body be placed at F (Fig. 640) which is suitably 
placed on the axis of a parabolic reflector BAC, the reflected waves 
are plane. Conversely, if plane waves fall upon the reflector they 
pass after reflection through the point F. F is called the principal 
focus of the mirror. By means of two such mirrors the process of 
reflection may easily be demonstrated. 

A source of feeble sound waves, such as a watch, should be placed 
at the focus F, of a parabolic reflector (Fig. 641); the plane waves 
emitted are allowed to fall on the second parabolic reflector whose 
axis is coincident with that of the first. The waves are then 
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reflected, become spherical and travel towards the focus F, On 
placing a funnel at F, an india-rubber tube from it being brought 
to the ear at E, the ticking of the watch may be heard. 


« E 
Fic. 641.—Pair of parabolic reflectors. 


Echoes.—The reflection from a plane wall gives rise to a sound 
image. Thus, an observer situated at E (Fig. 642) receives sound 
waves directly from a source A, and also waves which have been once 
reflected and are then travelling from A’. In general, the two sets 
of waves arrive at E with such a 
small interval of time between 
them that they cannot be distin- 
guished, one from the other. In 
an ordinary room, with plane 
walls, floor and ceiling, the only 
effect of the reflection is to in- 
crease the intensity of sound 
observed. Anyone who compares the difficulty of speaking or singing 
in the open air to that in a small room will appreciate this fact. 

If, however, the distance AB is such that the interval between 
the arrival of the direct and reflected waves is about } sec. the 
sound, if of a sudden nature, like a clap of the hands, will appear 
to be drawn out. With greater distance, so that the interval is, 
Say, sec., two separate sounds are distinguishable, and at still 
greater distances the interval is such that two distinct sounds can 
easily be heard. The name echo is properly reserved for this case in 
which the two sounds are distinctly separated. 

Remembering that for the interval to be -} sec., the time for the 
wave to travel from A to B (Fig. 642) is 71, sec., we see that 


pet of sound = 332 m. per sec.; 


a0 
*, AB=332=8°3 metres. 


Fria. 642.—Production of echoes. 
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Echoes occur in nature, and are produced by cliffs, hillsides, 
woods, or even by large buildings. When the distance is great 
enough, quite a large number of consecutive sounds may be repeated 
by the echo. 

In large rooms, such as public halls, the echo may become 
highly objectionable. Even though the sounds may not be quite 
separated, the prolongation produced by the echo may lead to 
great indistinctness. It is very much less when the hall is filled 
with people than when it is empty. 3 


Refraction of sound waves. Whenever sound waves pass from 
one medium to another of different density, the waves are bent 


Fig. 643.—Acoustic lens. 


or refracted in a manner somewhat similar to that for light (p. 574). 
Thus, by constructing a lens-shaped vessel, such as an india-rubber 
balloon, with a gas which is denser than air (such as carbon-dioxide) 
the counterpart to a converging lens may be produced (p. 587). Tf 
the gas be less dense than air, say hydrogen, or coal gas, the resulting 
lens is of the divergent kind. 

In the first case (Fig. 643 (a)) the sound waves converge to a 
focus E, and the ear placed there will hear the ticking of the watch 
from which the sound waves arise. In the second case (Fig. 643 (b)) 
there is no focus, as the waves diverge more after passing through 
the lens than before falling upon it. P 

Effect of wind upon sound waves.—When the wind is blowing from 
the sounding body towards the observer, the sound is more clearly 
heard than if there were no wind, and vice versa. If the wind con- 
sisted of the whole mass of air all moving with the same velocity, 
there is no reason why the sound should be heard more clearly in 
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one direction than another; the velocity of sound would, of course, 
be changed, but not its intensity. However, the velocity of the 
wind is not everywhere the same ; it is least near the ground and 
increases with increasing altitude. Consider plane compression 
waves abe, etc. (Fig. 644 (a)). The 

wind being considered to travel isi 

in the same direction as the ~~” 

waves, the parts at higher alti- -~> 

tude will have greater velocity ~~ 

than the lower parts. Hence the ~™ 

waves, originally vertical, become CS) is 
more and more tilted as they 
travel. But they always travel 


at right angles to their own planes, ___ 
hence their direction will be in- Dr 
clined downwards, and an observer = 


at A will hear the sound more (b) B 
clearly than if there were no 
wind. On the other hand, when FIG. oua gong upon sound 
the wind is in the opposite direc- 
tion, the tilt of the waves is opposite, and their direction of motion 
again becomes inclined, but in such a manner that they travel 
away from the ground. An observer at B (Fig. 644 (b)) will, there- 
fore, not hear the sound so plainly as he would if there were no wind. 

Atmospheric refraction.—The velocity of sound waves being 
greater the higher the temperature, it follows that any variation 
of temperature from one place to another causes refraction of 
sound waves. During the daytime, the lower layers of the atmos- 
phere are at a higher temperature than the upper lavers. It follows, 
therefore, that a sound wave will be refracted upwards as it 
travels, exactly as in Fig. 644 (b), although from a different eause. 
Hence there is a tendency for the wave to travel away from the 
ground, and the intensity at a distance is decreased due to this effect. 
On the other hand, if the lower layers are at. lower temperature than 
the upper layers, as frequently happens on a still evening and 
particularly over the surface of water, the refraction of the sound 
waves is then downwards, as in Fig. 644 (a). In this case: sounds 
from distant sources can be heard much more clearly than during - 
the daytime. 7 

Upward streams of hot air, frequently produced on warm days, 
produce a dispersive effect upon sound waves, since they cause 
refraction. When the atmosphere is. homogeneous, as often. happens 
in a fog, sound waves are propagated regularly, and sounds are much 
more audible at a distance from the sounding body than whem 
irregularities of temperature occur. S i 
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Doppler effect.—It has probably been noticed by everyone, that 
a sounding body changes its apparent pitch when it passes the 
observer with considerable velocity. Thus the whistle of a railway 
engine appears to become considerably lower in pitch as it passes 
the observer. As the engine approaches the observer, each com- 
pression or rarefaction leaving the sounding body is a little nearer 
to the compression in front than would have been the case if the 
body were at rest. Hence the frequency with which these com- 
pressions arrive at the observer is greater than it would have been 

if the sounding body had 


eG Sei V a ee been at rest. As the engine 
MA ea 2 recedes from the observer 
2 e the frequency appears to be 
Poe: tt ae lowered correspondingly. 
A A y $ Suppose the sounding 
7 SMEG ee body S (Fig. 645 (a)) to 
1f tt} ttt tt 1 | (3) o- have a frequency n, so viet 
aroan MERENS ° it gives out n waves per 
Eee B second. If V be the velocity 


of sound, the waves given 
out in one second will, at 
the end of the second, occupy the distance SB equal to V. If now S 
has velocity v, it will at the end of the second be at A, where SA =v. 
All waves except the first are now a little nearer the observer at O 
than they would have been if 3 remained at rest. Now, AB=V —v, 
so that n waves now occupy a distance V — v instead of V. The wave- 
length is therefore changed from V/n to (V—v)/n by the motion of 
the body. The apparent frequency n’, to an observer, is therefore 


yoy 


Fig. 645.—The Doppler effect. 


Of course, if the velocity of S had been in the opposite direction, 
as in Fig. 645 (b)), the apparent frequency to an observer at O would 
have been v 


fie pees 
It follows therefore that when the sounding body approaches the 
observer the pitch is apparently raised, and when it recedes from 
him the pitch appears to be lowered. 
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EXAMPLE.—A train approaches an observer at the rate of 72 km. 
per hour, the whistle of the engine sounding continuously. Find the 
‘change in pitch, stated as the ratio of the apparent frequencies, as the 
train passes the observer, taking the velocity of sound to be 333 m. per sec. 

Let the actual frequency of the note =n. 


Then, apparent frequency during approach =n - a D 
v 
x d 99 39 
= V +v 
2, Seek V+ 
. Change in pitch =n wis Vy 
Lo ia 
“Vv 
Now, V =333 m. per sec., 
i 72000 
‘and viis 60720 m. per sec.; 
: err ee 
. Change in pitch =393 90 
353 
=313=1 -128. 


General expression for the Doppler effect.—It is clear that the 
‘motion of the observer must affect the apparent pitch of a note, 
-and the wind may also produce a change. To find the effect of 
the motion of the source when 
there is wind of velocity win *———______7-Y 
the same direction as v, pro- e— »v —__—__>w 
ceed as before. The waves ; 


. . pe ŘŮŮ 
emitted in one second now § A B 


‘occupy the distance Fig. 646.—Diagram for Doppler effect, moving 

AB=V+w-v (Fig. 646). Bouree. 

Thus, the wave-length is changed on account of v in the ratio 
(V+w-—v)/(V+w), and the apparent frequency to a fixed observer 
changes from n to 

n(V+w)/(V+w-v). 

Now consider the motion of 
the observer. If the observer 
ee  ingere at rest; the n waves” ot- 
oO) E C  cupying a distance OC = (V + w) 
Fia. 647.—Diagram for Doppler effect, moving (Fig. 647) would pass him in 

r a one second. But actually, the 
waves occupying a distance DC=V+w-—v,, where v is the 
velocity of the observer, will pass him in one second. Hence 


—>%, —>w 


704 SOUND CHAP. 
on account of his own velocity, the frequency changes m the 
ratio (V+w—p)/(V +w). 
Thus, the total change in pitch due to motion of observer ani source 
measured by the ratio of the apparent frequencies, is given by 
V+w—U. (V+)  V+mw—% 
—— X = H’ 
(V+w) Vtw-v N +w 
Thus, if n is the actual frequency of the source, the apparent 
frequency is 


V-+ w0 


If v and v are zero, that is, if both source and observer are at 
rest, or even if they have equal velocities in the same direction, it 
will be noticed that the fraction reduces to unity. Therefore, 
unless the bodies have some motion relative to each other, the wind 
does not affect the apparent ‘pitch. Also, when the wind velocity 
is small relatively to the velocity of sound, as is usually the case, 


Vo 


the apparent pitch is n L . 

An interesting case arises when a body passes the observer with a 
velocity greater than V. Then if w=0=v and v>V, nV/(V—v) is 
negative. The most recently emitted waves arrive first, followed by 
the earlier ones. If v=V the waves all arrive together and nV/(V — v) 
is infinite, but gets less for higher values of v. After the body ‘has 
passed the observer n becomes nV/(V +v) which is positive and gets 
smaller as v increases. Just after passing, the two notes are heard 
together but the higher one soon dies out, giving the characteristic 
“ phee-oo-00 ”’ sound on the passing of a bullet. 


EXERCISES ON CHAPTER LV. 


1. How may the velocity of sound in air be measured? Is the velocity 
of sound in air affected by (a) a change of temperature, (b) a change of 
pressure, and, if so, in what manner? Sen. Cam. ‘Lec. 


2. How is the velocity of sound in air found by experiments between 
two stations? 

A steamer approaching a cliff whistles, and the echo is heard after an 
interval of 10 seconds. Five minutes later the interval is found to be 
8 seconds. How far is the steamer now from the cliff and how fast is 
she going? 

(Take the velocity of sound in air as 1120.ft. per second.) 

3. Explain why sound is heard at greater distances (a) over the surface 


of water than over land (6) in the direction ‚of the wind than -in the 
opposite direction. LU. 
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4. Explain why, when soldiers are marching in a column in time with 
the music of a band in front, as they hear it, they are seen not to be all 
in step together. 

Do their steps sound together to a man (a) in the front, (b) in the rear, 
of the column? Give reasons for your answer. AEU, 


5. Explain how the velocity of sound in air may be determined. A 
man standing between two parallel cliffs fires a rifle. He hears one echo 
after 1} seconds, one after 24 seconds, and one after 4 seconds. Explain 
how these echoes reach him, and calculate the distance apart of the two 
cliffs. The velocity of sound _under the given conditions is 1120 feet per 
second. L.U. 


6. A person standing in a railway cutting hears the whistle of an 
approaching train. Two notes of different pitch are, however, heard, 
one being due to reflection of sound from a bridge beyond the train. Fx- 
plain why the notes heard are not of the same pitch, and show how to 
calculate what the alteration in pitch amounts to. L.U. 


7. Describe one method by which the velocity of sound in air has 
been measured. 
Explain how the error due to the wind may be eliminated. 


8. Find an expression for the velocity of propagation of sound through 
agas. Find approximately the ratio of the velocity of sound in hydrogen 
at 100° C. to that in air at 0° C. Madras University. 


9. How has the speed of sound in free air been determined ? 

A body of troops marching behind a band always appears to an onlooker 
to be slightly out of step. Account for this and find what length of column 
marching 130 steps per minute would have the rear ranks apparently out 
of step but keeping time with the front ranks. 

(Velocity of sound in air =1120 feet per second.) L.U. 


10. Describe a method of measuring the speed of sound in air. 

An engine is approaching a tunnel surmounted by a cliff, and emits 
a short whistle when half a mile away. The echo reaches the engine 
after 44 seconds. Caleulate the speed of the engine, assuming the velocity 
of sound to be 1100 feet per second. L.U. 


11. What is the “ Doppler effect ” ?. 

A source of sound moves with a velocity v towards- a stationary observer. 
Taking the velocity of sound in the intervening medium as V, determine 
the ratio of the observed frequency to the real frequency of the note 
emitted. 

Show that this ratio is not identical with that corresponding to the 
case in which the observer moves towards a stationary source. L.U. 


12. Describe how the velocity of sound in air has been measured directly. 
What are the chief sources of error which have to be guarded against in 
such a measurement ? i 

Calculate the velocity of sound in air at 20° C. assuming the density of 
air to be 1-3 grams per litre at normal temperature and pressure. The 
normal atmospheric pressure is 1034 grams weight per sq. cm. and the ratio 
of the specific heat at constant pressure to that at constant volume: is 
1-4 in the case of air. Intensity of gravity =981 cm. sec-*.. Wa hak 

-H.Se 


CHAPTER LVI 


INTERFERENCE. RESONANCE 


Principle of interference.— When two sounding bodies of the same 
frequency are situated near each other, or whenever two sets of waves 
of the same frequency overlap, the medium will at every point 
experience the resultant effect of 
the two wave systems. This 
may be effectively illustrated 
by considering the waves on 
the surface of water, or the. 
ripples on the surface of mer- 
cury. Let A and B (Fig. 648) 
be two points at which the 
surface is disturbed synchron- 
ously, that is, the two distur- 
bances have always the same 
phase. Then from each of these 
points circular waves spread 
outwards. These waves consist 
of alternating crests and hollows. 
Fig, 648.-—Diagram for interference between For convenience the crests are 

two sets of ripples. 

supposed to be represented by 
thick and the hollows by thin lines. At points such as C, D, E, etc, 
both sources are tending to produce hollows at the given instant. 
Half a period later both sources are producing crests at these same 
points, which are therefore points of great disturbance. At points 
such as P, Q, R, and S a crest from one source reaches the point at 
the same instant as a hollow from the other source. The two 
together will, if the waves are of equal intensity, cancel each other 
out, so that the resultant displacement at the point is zero. At 
these points the effects of the two waves will continually be zero. 
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The result is that at some points the waves from the two sources 

reinforce each other and at others destroy each other, so that at 

some points the disturbance is greater than that due to one set 

alone, while at other points it is zero. The two sets of waves are 
said to interfere, and the phenomenon is called interference. 


FıG. 649.—Interference of mercury ripples. 


It may be very clearly shown by means of the ripples on mercury. 
In Fig. 649 the ripples produced by two wires attached to the 
prong of a tuning-fork are shown. 

Tuning-fork.—Compression waves may also exhibit interference, 
but, except in certain cases, this is 
not easily observed. In the case 
of a tuning-fork it may be noticed 
that when the prongs move apart 
there is a compression produced 
outside at A and B (Fig. 650), 
and a rarefaction in the space C 
between them. When the prongs 
move inwards there is compression 
at C and rarefaction at A and B. 
Hence the waves starting from AB 
and from C are always in opposite 
phases, and may be represented 
by the circles in Fig. 650. It ia. 650.—Interference in sound waves 
will then be seen that along the gprs © ie bee 
four dotted lines radiating from the fork, the two sets of waves 
interfere, and there will be silence. 

At any point on the dotted lines, a compression from A or B arrives 
at the same time as a rarefaction from C, so that the resultant effect 
is zero. This may be detected by striking a fork and turning it 
round on its stem between the fingers, when alternations of loudness 
and softness will be heard, the softness occurring when the ear is in 
the position of one of the dotted lines of Fig. 650. 

Manometric flame.—For the detection of compression waves 
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in air, the manometric capsule or flame is of great convenience. 
Gas entering a small chamber by the pipe A (Fig. 651), leaves 
by the jet B, where it burns, forming a tall thin flame. One boundary 


Fig. 651.—Manometric flame. Fig. 652.—Revolving mirror for viewing 
j manometric flame. 


of the chamber is the thin india-rubber membrane C. The sound 
waves enter at D, and the variation in pressure drives the membrane 
C in and out. This communicates a varying. pressure to the gas 
and the jet jumps up and down 
correspondingly. On viewing the 
image of the jet in a revolving 
mirror (Fig. 652) the image will 
appear serrated when sound waves 
are entering the capsule, and the 
nature of the serrations gives some 
clue to the character of the sound 
waves. 
Some of the appearances of the 
flame frequently met with are 
given in Fig. 653. A is that due 
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FIG. Bote Manca flame seen in 
Spear te AN to an organ pipe blown gently, 
and B that due to the same pipe blown hard, so that the frequency 
is doubled. 


Interference produced by a divided tube.—A tuning fork F (Fig. 654) 
of fairly high frequency is sounded opposite the opening A of a tube 
AB. The compression waves travelling down AB, enter the tube CBD 
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aù B. They divide at B, part passing along BC and the remainder 
along BD, and they finally unite at. E, pass down EG and affect the 
manometric flame at G. The D part. of the tube is made to slide. into 
the other part so that the length of path BDE may be varied. IfD 
is pushed in so that the two paths BCE and BDE are the same length, 
the waves take the same time to travel by either path from B to E, 
and therefore the two sets always arrive in the same phase. They 
will therefore reinforce each other and produce considerable dis- 
turbance of the manometric flame. If, however, D is drawn out 
until the path BDE is half a wave-length longer than BCE, a com- 
pression bv one path arrives at the same time as a rarefaction by 


the other, and the two neutralising each other, silence results, and 
the manometric flame ceases to be disturbed. On further with- 
drawing D, a point is reached for which the path BDE is one wave- 
length greater than BCE. The two waves are then in phase at E 
and disturbance of the flame results. 

Thus a series cf positions of D can be found, for which the flame 
is at rest, and another series for which it is most violently disturbed. 
The first positions are such that the path BDE is 4/2, 3A/2, 5A/2, ete., 
greater than BCE, where A is the wave-length. The second positions 
are such that BDE is 0, A, 2A, 3A, etc., greater than BCE. By 
measuring these positions it is clear that à may be found. 

Determination of the pitch of a high note by interference. —If 
the note is a shrill one, it affects a sensitive flame, This affords 
‘a means of detecting the presence of interference. The source of 
sound may be a Galton’s whistle, A (Fig. 655), which can be blown 
steadily by means of air which has been collected in an ordinary gas 
bag. A is situated at a distance of a metre or so from a vertical 
plane B, which may be part of the wall of the room, or a large 
drawing board placed vertically. The sound waves from A are 
reflected at B, and travel backwards as though they came from A’, 
the image of A (p. 698). 

If the distances AC and A’C differ by a whole number of wave- 
lengths, the direct and reflected waves assist each other, and if 
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d at this point, the sensitive flame will roar. Tf the flame be 
DA nasd aa point D, such that A’D and AD differ by an odd 
number of half wave-lengths, the direct and reflected waves destroy 


Fig. 655.—Determination of pitch by sensitive flame 


each other at D, and the sensitive flame will burn up brightly and 
silently. A series of points of alternating quiet and disturbance can 
be found in this manner. 


Since, A’‘C-AC=nA, 
; À 
and A’D—AD =nh +o 
: j À 
(A'D -A'C) + (AC -ADJ =z 
À 
2CD TOL 
À 
or, CD Tää 


Thus, the distance between a point of disturbance and the nearest 
point of silence is a quarter of a wave-length, and therefore the dis- 
tance between consecutive points of silence is a half wave-length. 
Knowing the velocity of sound V, and the wave-length A as deter- 
mined from the experiment, we can find the frequency from the 


equation V=nàÀ (p. 680). 


Expt. 153.—Pitch by interference. Arrange the Galton’s whistle and 
sensitive flame near a wall, as shown in Fig. 655. If the flame is fed by 
gas from an ordinary gas bag, regulate the pressure by placing weights on 
the bag, until the flame roars when a whistle or hiss is made in its neigh- 
bourhood, or a bunch of keys is rattled. Let the stand for the sensitive 
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flame be placed alongside of a centimetre scale S. Move the flame to and 
fro parallel to this scale until the. flame shoots up and becomes quiet, 
showing that a point of silonce has been found. Note the position upon 
the scale S. Move the flame away from the wall and find the next point 
of silence. In this way find the position upon the scale for as many 
points of silence as possible, and calculate the mean distance between 
two consecutive points. Since this distance is A/2, A can be found. 
Taking the velocity of sound at the existing temperature (p. 694) to be 
V, calculate the frequency n from the relation V=nA. l 


Supersonic waves.—There are several methods of producing vibra- 
tions of such high frequency that the “note” is far above the limit of 
hearing. One method is to use the piezoelectric properties of quartz. 
The ordinary crystal of quartz is a hexagonal prism, and a rectangular 
slab is cut from the crystal with one pair of faces perpendicular to 
the long axis of the crystal and the other two pairs parallel to it. Of 
these, one pair is parallel and the other perpendicular to one of the 
sides of the crystal. When such a slab is subjected to a mechanical 
stress on one pair of faces electric charges of opposite sign appear on 
opposite faces, the signs depending upon the faces chosen and upon 
whether the stress is causing compression or distension. If the faces 
are covered with tinfoil, opposite faces are found to have a difference 
of potential between them. This is called the piezoelectric effect. 


There is also a converse effect. That is, if the opposite tinfoils 
are brought to different potentials, mechanical strains appear in the 
slab, and a reversal of the potential difference reverses the strain. If 
then high frequency electrical oscillations (p. 1041) are applied to the 
tinfoils, the slab is set in vibration, the oscillations being longitudinal. 
These are of extremely small amplitude unless the frequency of the 
electrical oscillations coincides with the natural frequency of the slab. 
When this occurs the mechanical vibration may become so great that 
compression waves of considerable intensity are set up. ~ 

The slab vibrates as a very short rod (p. 753), and for a rod of 
length, say, 6 mm., the density of quartz being 2-6 gm. cm.~? and 
Young’s modulus 5:2 x 104% dyne cm.~?, the velocity of sound in it’ 


+ 15: ib ty Rs i 
en 2x107 cm. sec.—! and the frequency of vibration 

2 7 
of the slab ae =1-2x 10" approx., which is far above the range 


of audition. Such vibrations are said to be supersonic. i 
Another method is to employ the property of magnetostriction, 
or the change in length of a magnetic body when magnetised. A 
D.S.P. 22 
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rod of the metal is inside a solenoid in which an alternating current 
is flowing. The maximum strain in the rod occurs every tıme the 
magnetising field is a maximum. If the rod is permanently mag- 
netised the alternating magnetic field imposes an alternation in 10- 
tensity upon the permanent magnetisation. When the frequency 
becomes the natural frequency of vibration of the rod, resonance 
occurs and supersonic waves may be emitted. son 

Stationary vibration.—If the quartz slab Q (Fig. 655a) is situated 
in a liquid and the tinfoil sheets TT are joined to a source of potential 
difference of suitable frequency, supersonic 
vibrations are set up. These produce com- 
pression waves in the liquid, which may be 
reflected at the surface or at a plane sur- 
face P. A system of stationary vibrations 
will be set up (p. 710), and if P is adjusted 
to be at the node of such vibrations it is 
able to support a considerable load. 

Supersonic waves have several notable pro- 
perties. For example, they are destructive to 
the life of many small organisms; if they meet 
Fie. 665a.— Supersonic waves the surface of oil and water an emulsion is 
formed; if a glass rod is held in the hand and dipped into the liquid, 
it becomes very hot to the touch because of friction between the 
rod and the skin of the hand due to supersonic vibrations. 

Echo depth-sounding.—The old method of depth-sounding at sea by 
means of a lead and line is extremely clumsy. For this reason an echo 
produced by the sea-bottom has been used. In the early practice a 
blow was struck upon a metal plate in contact with the water and the 
impulse travelled to the bottom, was reflected, and was heard by an ob- 
server on the ship by means of a telephone with immersed diaphragm. 
A chronograph of some kind (p. 667) measures the time which elapses 
between the sending of the impulse and the reception of the echo. Since 
the velocity of sound in sea water is known (1-54 x 10° cm. per sec.) and 
the time for the double journey is found, the depth becomes known. 

Of late years the method has been developed so far that a continuous 
trace of the sea-bottom may be obtained. In the Recording Echo- 

-Sounder made by Messrs. Henry Hughes & Son, Ltd., the oscillatory 
discharge from a condenser passes through a coil wound upon a hollow 
cylindrical core of magnetostrictive material (nickel), similarly to 
the winding of the primary coil upon a transformer. The core must 
be laminated to prevent eddy currents. As the current passes, the 
core is magnetised circularly and expands and contracts, causing radial 
oscillations of supersonic frequency. These will become intense when 
the natural frequency of mechanical vibration of the core is equal to 
the frequency of the electrical currents in the windings (p. 711), for 
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the core is maintained in a magnetised condition by a steady current 
in a separate winding. The alternating magnetising field is super- 
imposed upon the steady field, so that for half a cycle the magnetisa- 
tion of the coil is increased and for the other half diminished. 

The wave pulse travels to the sea bottom, is reflected, and returns. It 
falls upon a cylinder similar to the sender, sets it in mechanical vibra- 
tion, and by the inverse magnetostriction effect produces variation in 
magnetisation. This in turn produces a varying e.m.f. in the windings, 
and this, being extremely small, may be amplified (p. 1049) to any 
desired extent and applied to a suitable chronograph. The one em- 
ployed consists of a uniformly moving strip of paper across which a 
style travels with uniform velocity. The mechanism is timed so that 
the style starts its travel at the instant the supersonic wave is sent out. 
The return wave causes a mark to be made by the style. The travel 
from zero is therefore proportional to the depth to the sea-bottom. 
In shallow water the process is repeated 350 times per minute and in 
deep water 90 times per minute, so that an almost continuous trace of 
the sea-bottom is obtained. Some idea of the nature of the sea bed is 
given by the trace, because a hard bottom gives a sharp line, whereas 
with a muddy bottom the trace is blurred. Also harder layers below 

‘the surface of the bed are indicated by multiple echoes. : 

Beats.—When two sounding bodies are of exactly the same fre- 
quency, there may be interference between the waves emitted by them, 
but at any given place the state of disturbance remains constant. 
Thus, at DAC or E (Fig. 76 ) te 
648) there is always great ii AVANA SI VINA VAVN Ce 
disturbance, while at P, ) E ea 


Ca 


Q, or R there is always a A B C 
minimum of disturbance. 
If. however, the two (3) 
bodies have not exactly 
the same frequency, the Fie. 656.—Curves illustrating the production of beats. 
condition at any fixed point in their neighbourhood is continually 
changing. At one moment the compressions from both sounds arrive 
simultaneously, as do the rarefactions. The result is that there is great 
disturbance at the given point. A short ‘time later, the more rapidly 
vibrating body is half a vibration ahead of the other, and the compres- 
sions from one’will arrive at the same time as the rarefactions from the 
other, producing a minimum of sound. Thus, in addition to the note 
due to the vibrating bodies, there will bea pulsating effect produced. 
The alternate loud and soft pulses are called beats. 

In Fig. 656 (a) the displacement curves for two waves whose fre- 
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quencies are in the ratio 6: 7 are drawn. It will be seen that in the 
neighbourhood of A they are in the same phase and assist each other. 
At B they. are exactly out of step with each other, that is to say, they 
are in opposite phases, and neutralise each other. At C they are again 
in the same phase. The curve (b) is the resultant of the other two, and 
shows clearly the alternations in loudness and softness which are 
called beats. 

In Fig. 656 it will be seen that if the distance AC includes the waves 
emitted in one second, there is one beat per second. Or, if the con- 
ditions represented by AC be repeated any number of times per second, 
just so many beats will there be per second, and this number will also 
represent the difference in the frequencies of the two sounding bodies. 
In fact, the difference in the frequencies of two sounding bodies is equal to the 
number of beats produced per second, 


For the clear production of beats, the two sounding bodies should be 
of the same kind. If two tuning-forks mounted upon sounding boxes 
and having frequencies differing by, say, three, be sounded, three beats 
per second may easily be heard. If it is desired to determine which of 
the two forks has the higher frequency, one of them may be loaded by 
a piece of soft wax. This lowers the frequency of the fork, and if the 
rate of beating is now less than before, it follows that this fork has the 
higher of the two frequencies, since on lowering it, it is brought more 
nearly into unison with the other fork. 

In the case of two stretched strings, if it is desired to tune one to 
unison with the other, the beats are of great service, for as the two are 
brought more and more nearly into unison, the beats become slower, 
and eventually disappear. If the hand be placed upon the board upon 
which the two strings are stretched, the beats can be felt as well as heard. 

Beats are used for the production of certain effects in organs. In the 
case of the vox-humana and vox-angelica stops, two pipes having nearly 
the same frequency are used. The beating between the two gives the 
tremulous effect which is intended to imitate the human voice. 

Combination tones.—When the beats produced by two sounding 
bodies become sufficiently rapid, they produce a tone known as a beat 
tone, whose frequency is the difference of the frequency of the two 
separate notes. Of the presence of this tone there is no doubt, but 
its cause is not so clear. A tone is due to a succession of impulses, 
whereas the succession of loud and soft intervals in beats does not 
consist of impulses in the ordinary sense of the word. However, 
whenever two pure tones are sounded together a series of other tones 
will be produced, although in general these are too feeble to be dis- 
tinguished. One such tone is called a summation tone and has a 
frequency equal to the sum of the frequencies of the separate tones, 
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while another, the difference tone, has a frequency equal to their 
difference. These two are the first combination tones. 

There are also other combination tones produced between the first 
combination tones and the primary tones, and also self-combination tones, 
having twice the frequencies of the primary tones. There are there- 
fore, with two notes of frequencies m and n, the following tones : 

m, n primaries. 
m+n first summation tone. 
m-n first difference tone. 
2m, 2n self-combination tones. 
2m+n 
2m -u 


The origin of these tones is somewhat obscure, but they have 
been explained on account of the want of symmetry in the vibrating 
apparatus, either of the ear, or in some cases of the sounding body. 

The first summation tones may be detected when two organ pipes, or 
notes on the harmonium, are sounded strongly, the ear being placed close 
to the instrument. In order to detect them it is advantageous to deter- 
mine by calculation what the pitch of such note should be and to sound 
it first, to prepare the ear for the detection of the combination tone. 

Resonance.— It is frequently possible to set a body of great inertia in 
vibration by means of a very feeble force, provided that this force is 
applied at regular suitable instants. Thus, if a heavy body be, sus- 
pended by a wire, it can be set in vibration by pulling a fine silk cord 
attached to it, provided that the cord is pulled intermittently, at such 
times that the pulls help to increase the velocity of the body. In this 
way a vibration of large amplitude may be set up, although the cord 
may be so thin that it would break rather than pull the body steadily 
through any considerable fraction of the resulting amplitude. The 
setting up of the vibration depends upon the timing of the impulses. 

Whenever two similar bodies have exactly the same frequency, one 
can set the other in vibration when they are suitably connected. 
Thus, if two forks have exactly the same frequency, and one be 
vigorously bowed, and then held near the other, the other will be 
found to be set in vibration. The air waves from the first fork are 
always suitably timed to increase the vibration of the second ; they 
act like the pulls upon the silk fibre in the above case. Again, if two 
strings stretched upon the same board have the same frequency, 
then, on bowing one of them, the other will begin to vibrate. 
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This process is called resonance; one body is said to resound to 
the other. One body will only resound to another when both have 


the same frequency. 


We shall come across many cases of resonance in studying sound ; 
the following illustration is of interest. A company of soldiers in 
crossing a plank, or a suspension bridge, is always ordered to break 
step. For should the frequency of their step coincide with the 
frequency of vibration of the bridge, dangerously large vibrations 
will be set up in the bridge, and may threaten it with breaking. 
One man, by jumping repeatedly at the proper time, can set a long 
plank in vigorous vibration. 

Forced vibration.—In the case of resonance, the applied force 
has a frequency equal to the natural frequency sf vibration of the 
body to which it is applicd, and the 
resulting vibration is then very great. 
But whenever a simple harmonic force is 
applied to a body, it produces a simple 
harmonic motion in it, although the 
amplitude of this may in many cases be 
extremely smail. This resulting motion 
is called a forced vibration. As an example 
consider a small pendulum AB (Fig. 657 (a)) 
hanging from a larger pendulum AC. The 
point A executes a simple harmonic motion, 
and this will give the pendulum B a har- 
monic motion of the same period as A. Its ~ 
amplitude wili, however, depend upon the. 

Sa ats vies relation of the natural period of vibration 

n oe e “—" of B to the period of vibration of A. The 
motion of B due to that of A is a forced vibration. There are three 
cases of forced vibration to consider. D a 

In case (i) the frequency of the applied force is less? than the 
natural frequency of the body, and the amplitude is a copy of that 
applied, and on a slightly larger scale. Thus, in Fig. 657 (a) the 
amplitude of B is slightly greater than that of A, and the two are 
always in the same phase. 

In case (ii) the frequencies are equal: this is the case of resonance, 
and the amplitude of the forced vibration becomes very great. It 
can never be infinite, because friction will always prevent the ampli- 
tude exceeding a certain limit. 

In case (iii) the frequency of the applied force is greater than the 
natural frequency of the body. The motion in this case is opposite 
in phase to that of the applied force, as may be seen in Fig. 657 (b). 

In all these cases, when the harmonic force is first applied, there . 


ae 
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may be a certain amount of natural vibration set up. This, however, 
will soon die away, leaving the forced vibration only. The amplitude 
of the forced vibration may be calculated in terms of that of the 
applied force and of the two frequencies concerned. The calculation 
is beyond the scope of this book, but the result may be exhibited | 
in the form of a curve. Thus, in 
Fig. 658 Ox is the ratio of the 
frequency of the applied force to 
that of the natural frequency of the 
body to which it is applied, while 
the ordinates represent the ratio of 
the amplitude of the forced vibra- 
tion to that of the applied force. It 
will be seen that if Ox=unity, the 
ordinate is infinite. This is the case 
of resonance. An infinite amplitude 
is never attained in practice, owing 
to the damping effect of friction. 
For less frequencies of the applied 
force, the forced amplitude rapidly 
falls, until, for small values OA=1, 
that is, the two amplitudes are Fila. ae rede of forced 
equal. For greater frequencies of j i 
the applied force, the forced amplitude again falls, and in this case 
falls to zero for very great frequency, the two phases always being 
opposite, as is shown by the curve lying below Oz, the ratio of the 
amplitudes, being negative. 

Sounding-board.—lIf a stretched string, or a tuning-fork, be set 
in vibration, the sound from it is very feeble, unless it be attached 
to some sounding-board. Thus, if one end of the string be clamped 


Fig. 659.—Sounding-board. 


jn a vice and a weight hang from the other end, very little sound 
will be heard when the string is plucked or bowed. If, however, 
the string be stretched upon a board’and passed over two bridges, 
A and B (Fig. 659), then, on bowing or plucking it, quite a loud 
sound will be heard. The string alone is in contact with only a 
small quantity of air, so that when it vibrates it sets a small 
quantity of air only in vibration. Also, since compression occurs on 
one side of the string at the same time as rarefaction on the other, 
_ interference further reduces the effective sound (p. 707). When, 
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however, the string is stretched upon a board, the string exerts 
a periodic force upon the bridges A and B, which in turn give the 
sounding-board upon which they rest a periodic motion. As the 
' board is in contact with a comparatively large amount of air, owing 
to its large surface, the energy of the air set in motion in a given 
time is much greater than if there 
were no board. Of course, the vibra- 
tions of the string die away more 
rapidly with the sounding-board, as 
the energy is then radiated away in 
the form of sound waves much more 
rapidly. 

The case of the tuning-fork is 
similar to that of the string. If 
held in the hand the sound from the 
fork is feeble, but if the stem be 
pressed upon a table or board, this 
is set in forced vibration. The vibra- 
tion is thus communicated to a much 
greater quantity of air than before 
Fic. eges T on sounding- Resonators. — Sometimes tuning- 

i forks are mounted upon hollow boxes, 
the box being of such a size and shape that the air inside the 
box has a natural period of. vibration equal to that of the fork. 
When the fork is set in vibration, the wood of the box executes a 
forced vibration, and the air in the box will resound. In this way 
the sound due to the fork may be very great, but it must be noted 
that for resonance, the box must be - 
properly tuned to the fork. 

Another form of resonator due to Helm- 
holtz is shown in Fig. 661. It consists of 
a brass shell of approximately spherical 
form, with a large opening at A and a 
small one at B. The air within it can 
resound to one particular frequency, and 
when waves of this frequency arrive, the 
air resounds, and the sound appears to be 
much magnified on applying the ear to B. Even if the wave is only 
a small component of the actual wave arriving, the resonator will 
pick out and magnify this component. Such resonators are made 
in sets, the pitch of each one being known, and they can then be 
used to detect the components in a complex note, although these 
components might be too feeble to be detected by the ear alone. 

Large sea shells produce a vague roaring noise, popularly said to 
be ‘roaring of the sea,’ when placed to the ear. The reason is, 


Fig. 661.— Helmholtz resonator. 
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that they are resonators, but not of such a simple type as that of 
Fig. 661. They magnify certain tones, and these tones are always 
present to a certain extent, and when magnified they blend into 
the familiar roar of the shell. 


EXERCISES ON CHAPTER LVI. 


1. Give an account of what you mean by ‘beats,’ and describe an 
experiment by which they can be illustrated. 


2. A tuning-fork is struck and then slowly rotated about its long 
axis. Describe and explain the changes in the sound heard during one 
complete rotation of the tork. l 


3. Describe what is meant by ‘interference.’ What will be the form 
of the interference pattern produced by two synchronous disturbances 
upon the surface of a pond ? 


4. Describe how the difference in pitch of two tuning-forks may be 
determined by the method of beats, and how the fork of higher frequency 
can be identified. 


5. What is meant by the term ‘resonance ? How can the principle 
of resonance be utilised in tuning a stretched wire to a tuning-fork ? 
L 


6. Two tuning-forks, whose pitches differ by four vibrations per second, 
are placed near to each other and set in vibration simultaneously. 
Describe and explain the character of the resulting sound. L.U 


7. What are beats, and how are they produced ? Two strings vibrat- 
ing transversely emit fundamental notes of frequencies 300 and 302 per 
second respectively. How many beats per second are produced (1) by 
the fundamental notes, and (2) by their first overtones ? L.U. 


8. If the handle of a vibrating tuning-fork is held against a wooden 
board, the amount of sound produced is considerably increased. Explain 
carefully why this happens. Is the time during which the fork goes on 
vibrating affected, and, if so, why ? L.U. 


9. Describe the manometric flame, and the method of using it for 
the detection of air waves. 


10. Sound waves from a tuning-fork A reach a point B by two separate 
paths ACB and ADB. When ADB is greater then ACB by 16 cm. there is 
silence at B. When the difference is 32 cm. there is sound at B and when 
48 cm. silence, and so on. Explain this effect and calculate the frequency 
of the fork if the velocity of sound be taken to be 332 metres per sec. 


11. Give a short account of the combination tones that would be pro- 
duced when notes of frequencies 512 and 768 are sounded simultaneously. 


12. State what you mean by the term forced vibration, and describe 
how the amplitude of a forced vibration depends upon the frequency of 
the vibrating body. 
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13. Explain how ‘ beats ’ are produced. 

Two tuning forks make 4 beats per second when sounded simultaneously. 
One fork makes 256 vibrations per second, and the beats cease when the 
other fork is loaded with a small piece of wax. What is the frequency of 
the second fork ? L.U. 


14. Explain the cause of ‘ beats.’ 

The points of the prongs of a tuning-fork A originally in unison with a 
fork B of frequency 512 are filed, and the forks produce 5 beats per second 
when sounded together. What is the pitch of A after filing ? 

Allahabad University. 


15. Describe and explain any experiments you would carry out if you 
wished to test the statement that the sound proceeding from a tuning fork 
. consists of waves of a definite wave-length. How can the phenomenon of 
interference be made use of to measure the length of such waves ? 


L.U.H.Sch. 


CHAPTER LVII 


INTERVALS: AND SCALES 


Musical intervals.—Iit was seen earlier (p. 670) that when the 
frequency of one note is twice that of another, the former is the upper 
octave of the Jatter, and that this relation holds good whatever 
the absolute frequencies may be. Thus a note of frequency 400 
is the upper octave of one of frequency 200; one of frequency 600 
is the upper octave of one of frequency 300, and so on. Besides 
the octave, there are other easily recognisable musical intervals, 
and it is a universal rule that the interval between two musical notes is 
determined by the ratio of their frequencies. 

Thus, a fifth corresponds to a ratio of 2, and a fourth to a ratio 
of 4. The following is a list of the intervals most commonly employed: 


Unison - © eS ee Fourth - SRG Se 
Semitone - 16:15 Bathe ooh BD 
Minor tone 10:9 Minor sixth - 8:5 
Majortone - 9:8 Major sixth - 5:3 
Minor third - 6:5 Seventh - 15:8 
Major third - 5:4 Octave - Bi Bis} 


In adding two intervals together, the frequency ratios must be multiplied. 


Thus, minor third + major third =£ x }=3=fifth, 
again fifth +fourth = 3 x $=? =octave. 


Diatonic scale. -—-The diatonic scale is the one universally employed 
in modern music, and it is from the positions of the notes in this 
scale that the above names of the intervals are derived. The octave, 
as its name implies, is an interval of’an eighth, and the other notes 
of a scale are arranged in the following manner within the octave, 
the ratios of the frequencies for consecutive notes being as follows : 


ed. . o a E AA 
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It will be seen that the interval ‘c-d is a major tone, d-e a minor 
tone; c-e is a major third, c-g a fifth, and so on. Whatever the 
pitch of the lower c may be, these intervals must be maintained 
throughout the octave, and are repeated in the octaves above and 
below. The simplest whole numbers that will exactly represent 
these intervals are easy to remember, they are : 


oe a4. é¢ if - o 
24 27 30 32 36 40 45 48 


eee 


, 


For the representation of higher octaves c’’, c’’’, etc., are used, 
and for the lower octaves C, C,, etc. The positions of these notes 
we on the usual musical cleffs are 

—o— < shown in Fig. 662. 
wi Ue g Standards of pitch.— For scien- 
» tific purposes the standard of 
pitch is a frequency of 512 for 
e’ c’’ and 256 for c. This is a 
convenient standard, as it 


cai a «œ allows most of the notes to be 

expressed by whole numbers. 

z 2 S Sometimes standard forks of 

O c frequency 50, 100, or 200 are 
o———.— G comtoced: 

TaN c For musical purposes, the 

in Raber teal ee, Philharmonic Society has fixed 


upon 439 for a’ at a temperature 
of 68° F. It is necessary to define the temperature, as most instru- 
ments if tuned accurately at one temperature will alter in pitch if 
the temperature changes. ‘Che temperature 68° F. is about an 
average temperature for a concert room. ‘This standard is known 
as the Low Pitch, as previously to 1896 the standard had been 452-4 
for a’ at 60° F., which is known as the High Pitch. The frequency 
of 439 for a’ is equivalent to 526-8 for c”. The philharmonic scale 
is, therefore, slighter higher than the scale used for scientific 
purposes. 

Concord and discord.—There are certain characteristic sensations 
produced by certain intervals, by means of which these intervals 
can be recognised. Thus, an octave, a fifth, or a third, can easily 
be distinguished. The octave has the most smooth sound of all 
the intervals, while the roughest is probably the semitone. The 
reason for the difference in the quality of various intervals was 
stated by Helmholtz to be due to the beats produced between the 
notes and their overtones. We shall see later that in the case of 
most notes produced by strings, or by wind instruments, the funda- 
mental note is accompanied by overtones whose frequencies form 
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a series, 1:2:3:4, etc., where 1 represents the fundamental. 
Now beats, when few in number, do not produce a disagreeable 
sensation, but if they increase, a disagreeable harshness is produced 
which is called discord. The actual number of beats per second which 
produces maximum rcughness 
or discord varies, but with a 
frequency of 512, 32 beats per 
second, or a note of 


512 +32 =544 


corresponds to maximum dis- 
cord. This corresponds to an 
interval of 3%, or slightly less 
than a semitone. 

The reason for the difference — 
in smoothness of the various 
intervals can now be seen. In 
the case of the octave, the first five overtones of the lower note c are 
c’g'c’’e’’g’’ (Fig. 663), while the first three of the upper note c’ are 
ce’’g’’e’"", all of which coincide with some of the overtones of the 
lower note, so that there is no beating at all. If, however, the 
octave is not perfectly ın tune, all the overtones of the higher note 
will beat with some overtone of the lower note, and great roughness 
ensues. Thus the octave is easy to tune. 


O 6 g O3 


EFA C 


FıG. 663.—Overtones present with the octave. 


Frc. 664.—Overtones present with the Fia. 665.—Overtones present with the 
fifth. major third. 

In the case of the fifth (Fig. 664), it will be seen that overtone 3 
of the lower note is the same as 2 of the upper. But 3 of the upper 
note is within beating distance of 4 and 5 of the lower. The concord 
is therefore not perfect in the case of the fifth, but the amount of 
discord is not great. 

In the major thira (Fig. 665) there is beating between the overtone 
4 of the lower and 3 of the upper, and 6 of the lower and 5 of the 
upper. Overtone 2 of the upper is too far from 2 and 3 of the 
lower to produce beating. 
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In a similar manner the amount of discord for the other intervals 
may be found. ) 
Helmholtz constructed a curve showing the relative amount of 
discord for various intervals throughout the octave (Fig. 666). It 
will be observed that the discord is greatest just below the semitone 


’ ” 


c? eh e Tp g' ah a? b 
Fra. 666.—Helmholtz’s curve of dissonance. 


and above the seventh, and least at the octave and fifth. The 
octave and fifth are bounded by very steep parts to the curve, 
showing that a slight amount out in the tuning produces considerable 
dissonance and is readily detected. These are consequently the 
easiest intervals to tune accurately. 

Temperament.—It is clear that an instrument, on which the 
diatonic scale beginning with C is to be played, must have eight 
notes to the octave. On taking the scale beginning with c’=512, 
the first two octaves would be as follows : 

Cc TÉ é f g a i’ 
512 576 640 682:7 768 853°3 960 
ne in Pied f” ae a j= E” } 
1024 1152 1280 1365 1536 17067 1920 2048 

But since the tone is rather a large interval, the scale is with 
advantage completed by adding semitones between c’ and d', d’ 
and e, f’ and g’, g' and a, a' and b’, and the full scale would then 
be as shown in Fig. 667 (1). 

There would now be twelve separate notes to the octave; the 
five sharps are the black notes on the piano. 

Suppose that it is now desired to begin the scale with the note q’, 
the intervals being as before; the requisite frequencies are given 
in Fig. 667 (3). It will be seen that the notes, with the exception 
of the second and seventh, are present in the scale of c. Thus, 
in order to play the scale of ¢ major, two new notes would have to 
be added. The other notes may be treated in the same way. Each 
new note which is taken as the tonic, or keynote, of a new scale 
requires new notes to be added to the instrument. Thus, if any 
scale at will is to be played upon one instrument. of fixed keys, 
the number of keys to the octave would have to be very great— 
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prohibitively great. For this reason the 
scale is usually tempered ; that is, a com- 
promise is effected, which is sufficiently 
near the truth for all scales, but is not 
absolutely correct for any one of them. 
Thus f” # will do for the seventh in the 
scale of g major, and so on. 

In mstruments such as the violin, in 
which the notes are not fixed, but are 
judged by the player, it is, of course, 

ee possible to play the scale, using any note 
as tonic, with perfect accuracy. This is 
also the case with the human voice. 


g" 
1920 2048 


1820 


1707 ` 


1536 


1440 1536 


1457 


I E A E 
1638 


= j Scale of equal temperament.—There 
are various ways of tempering the. scale 
of an instrument of fixed notes, such as 
the piano or organ. The method now 
universally adopted is to tune the notes 
to a scale which is called the scale of 
equal temperament, in which the octave 
is divided into twelve exactly equal 
semitones. It is obvious that this is 
not a truly diatonic scale for any key, © 
but it is equally good, or bad, for all 
keys. 

In order to find the value of this 
equally tempered semitone, remember 
that; repeated 12 times, it doubles the 
frequency of the note, that is, it raises 
it to the upper octave. Let x be the 
ratio of the frequencies for this semitone, 
then, 

xxxeuxux... 12 times=2, 
or, ye! : 

w= 27 = 2 
=1-0595. 

The semitone on the diatonic scale is 
16 —1-067, which is, therefore, slightly 
greater than the semitone on the equally 
tempered scale. Employing the interval 
1:0595 and applying it 12 times, the 
notes of the scale of c’ are obtained and 
are given in Fig. 667 (4). It will be 
seen that no interval is perfect, but none 


1229 
1280 1366 
280 


cl! # d" i eft 
1092 
1152 
1152 


910 

853 960 1024 
a 
912°3 

861:0 966:5 1024 


812:8 


819 
Fia. 667.—Scales,—diatonic and equal temperament 


768 
767°2 


2 
724:1 


i~ 


645'1 6834 


640 683 


576 


ER ee ok ete 8 
4 614 
542°4 608°9 
574°7 


(2) 512 
(4) 512 


(3) 
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is very bad. The worst is a’ with a frequency of 861 instead of 
853. This error would only be detected by a trained ear, and in 
the other cases the agreement is sufficiently perfect for ordinary 
purposes. It is clear that, whatever is taken as the tonic or key- 
note, the scale built upon it is of the same quality as the scale of c. 


EXERCISES ON CHAPTER LVII. 


1. Explain what is meant by a musical interval. Show that the 
sum of two intervals is obtained by multiplying the ratios of the frequencies 
of the constituent notes. 

2. Write down the relative frequencies of the notes composing the 
diatonic scale, pointing out the names of the intervals between consecutive 
notes. 

3. Give some reason for the occurrence of discord with several 
intervals, and explain why it is much more easy to tune to strings one 
octave apart than a fourth apart. 

4 Describe how a scale of equal temperament is constructed for am 
instrument having fixed strings. 


CHAPTER LVIII 


STRINGS 


Wave in a stretched string.—A stretched string has the properties 
necessary for the propagation of transverse waves. Thus, if part 
of it be drawn aside, the tension in the string tends to bring it back 
to its position of static equilibrium. Also, , 
the string having inertia, the force which 
causes the displacement requires time to t 
produce its full effect. Thus a wave can 
travel along the string with definite 3 
velocity. The passage of such a wave is i 
easily seen if a rope fixed at A (Fig. 668) 
be held in the hand at B, and lightly 2 
stretched into a nearly horizontal posi- t 
tion. Then, on giving the end B a lateral 
jerk a wave 1 will be started which will 
travel along as shown at 2 and 3. If 1 
the rope is not too tightly stretched, the 
velocity of this wave will not be too great B 
for it to be followed by the eye. The Fre. 668.—Wave in stretched 
tighter the rope is stretched the more ore 
rapidly will the displacement travel along it. Also, if a series of 
to and-fro movements be given to the rope, a wave something like a 
harmonic wave will travel along it. 

On arrival at the end A, the wave is reflected. The laws of this 
reflection will be studied later (p. 729). 


* Velocity of wave in stretched string.—The ordinary dynamical 
equation force = mass x acceleration i 
may be applied to finding the velocity of a transverse wave in a 


* May be omitted on first reading. 
D.S.P. i 3a 
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string, in a manner somewhat similar to that used in the case of a 
compression wave (p. 690). It is first necessary to find the restoring 
force acting upon any part of the string when this is bent out of the 
straight line. 

Consider a small piece of the string AB (Fig. 669) in which the tension 
is t dynes. A force ¢ then acts at either end of this portion AB, 
and when this is curved the two 
forces ¢ are not in a straight 
line, owing ‘to the curvature of 
the string; therefore they have 
a resultant, tending to bring the 
string to its straight position of 
static equilibrium. 

The resultant of the two 
forces ¢ is the diagonal CD of the 
parallelogram having the forces 
Pe ents ent E ~ represented by CT, CT as sides. 

KAA of a Binge small portion AB being very short, the two 

perpendiculars at its extremities 
A and B meet at O, where OA=0B=r, the radius of curvature of 
the string at this place. Again, ABO is for all practical purposes a 
triangle, similar to the triangle CDT ; 


` 
I 


that is, Restoring force=t. a, 
T 
If the mass per unit length of the string is m, the mass of AB is AB x m. 


Again, force = mass x acceleration ; 


; ’ AB 1 
. acceleration of a point on the string =¢ - — x ———— 
P TARAB r X ABE mM. 


; t 
or, acteleration Sek Koair MKaresrear iei E (1) 
mr 


It is next necessary to determine the acceleration of any point 
of the string in terms of the velocity V with which the wave is pro- 
pagated along it. Consider a small piece PQ of the string (Fig. 670) 
where the velocity is changing. 

velocity of P PR 
velocity of wave RL’ RSS 
PR 
RL 
= Vaz, 


Now, 


that is, velocity of P=V. 
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since the angle a, is very small and is therefore equal to PR/RL. It 
must be remembered that the displacements are represented to an 
exaggerated scale in Fig. 670. The angle ay is in all practical cases 
very small. 


Fia. 670.—Velocity diagram for the string. 


Similarly, velocity of Q=Va, ; i 
.. While the wave travels from Q to P, the velocity of the point 
changes from Va, to Va, ; 
; : . Va, — Vay, 
see eration of point ~ time for wave to travel distance PQ. 


The radii OQ and OP to the curve make an angle 0 between them, 
equal to the angle betweem LP and MQ; 


*, PQ=70, 
and the time for the wave to travel over PQ is equal to 
PQ 70. 
ee 
acceleration oN tp) y E E ae (2) 
r0 r 
Vv 


since (a, —a,)=9. 
From the expressions (1) and (2) for the acceleration, we now have 


v2 e, 

r mr. 

TESE WAE T ET (3) 
m 


Thus a transverse wave will travel along the string with velocity 
Jt/m, provided that the lateral displacement of the string is always 
small, and that the stiffness of the string is negligible. If the latter 
condition is not fulfilled, then the bending of the string would produce 
restoring forces, etc. (p. 160), and the problem would be very 
complex. In all the cases with which we shall deal, the string is 
considered to be so thin that its stiffness can be left out of account. 
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Harmonic waves in a string.—In dealing with transverse waves in 
general, it was seen that a harmonic wave could be represented by 
the equation rene, a 
y =a sin 27 (ž-3) (p. 682) 
and that the motion of a point on the string is represented by the 


equation > 
È y=asin 2r L, 


obtained by putting z=0. a i 
Now, if a point in the middle of a string be given a simple harmonic 

motion, it is clear that waves will start in both directions from this 

point. Thus, if the point O of the string AB (Fig. 671) be moved in 


— 


A 
y =a Sin an(£+%) 


Fie. 671.—T wo waves arising at a vibrating point. 


a simple harmonic manner along the axis OY, one wave will travel 
towards the right, that is, in the positive direction of x, and the 
other towards the left, that is, in the negative direction of =. 

The former wave has the equation - 


=a sin 2x ($ -5) 
y= als T Xr bd 
since, for points further to the right, the phase of the vibration is 


later the greater the value of z. On the other hand, the wave which 
travels towards the left will have the equation 


gaepeny ( t x x) 

y=asin 2r (7 +5), 
because points having a greater value of (—2) occur in later phase. 
Thus, the direction of the wave is indicated by the sign of z; 


it is negative for a wave travelling in the positive direction of zq, 
and positive for a wave travelling in the negative direction of 2. 


Both equations take the form y=a sin 27 = when z=0. 


Reflection of waves in strings.—When the waves in a stretched 
string reach a point at which the string is clamped, reflection occurs. 
In order to understand what is happening when reflection occurs, 
consider a point of the string to be clamped in a vice at P (Fig. 672). 
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The clamp prevents the motion of this part of the string. If the 
clamp were absent, the point P of the string would execute a simple 
harmonic motion. Since this is prevented, it follows that the string 
exerts a simple harmonic force 
on the clamp, and therefore 
the clamp exerts a simple har- 
monic force upon the string. 

Now a simple harmonic force 
applied to a string starts. two 
harmonic waves, travelling in 
opposite senses from it (p. 728). 
Since the resultant motion of all points to the right of P (Fig. 672) 
is zero, it follows that the harmonic wave started in this sense by P 
is exactly equal and opposite to the continuation of the incident 
wave beyond P. The other wave, which travels in the opposite 
sense (p. 728), is the reflected wave. 

There is no disturbance of the string to the right of P, so that 
it is immaterial whether this part of the string is present or not. 

| P may be a clamped end of 
the string. The only real 
parts of the waves are the 
incident wave and the reflected 
wave, and the phase of the 
reflected wave may always be 
found from the above condi- 
tion. l 

In Fig. 673 four stages in 
the reflection of the wave are 
depicted. The incident wave 
is shown in full line; its con- 
FIG. 673.—Reflection at the clamped end ofa tinuation past the fixed point 

sriti is given by a dotted line, and 

the two waves started by the fixed point P are given by chain lines. 
It will be noticed that the phase of the reflected wave at P is 
always such that the resultant displacement of P due to the 
incident and reflected waves is zero. 3 

These waves may be conveniently represented by equations, 
thus, 


—> ----- -> 
Fic. 672.—Point of ves string maintained at 
rest. 


Incident wave, y=asin27 E - x): 
In order to cancel this out, the wave 


n? =-5) 
y= —asin „($ j7 


must be considered to originate at P and travel towards the right. 
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The companion wave to this, started simultaneously by P, and 
travelling towards the left (p. 728) is, 


+ n2 AE A 
y= — asm «(5 x): 


This is obtained by changing the sign of a, and is the equation of the , 
reflected wave. 

Stationary vibrations and interference.—It has already been seen 
(p. 706) that two sets of waves of the same frequency, travelling 
over the same medium, produce interference, points of maximum 
disturbance alternating with points of no disturbance. This is 
exactly the state of affairs in a stretched string with one end 

| fixed. The incident waves 
are reflected, and the two sets 
of waves give rise to a state 
of steady vibration in the 
- string. 

Referring to Fig. 673, we 
may deduce what the relative 
phases of the incident and re- 
flected waves will ke during 
one whole period of vibration. 
In Fig. 674 these two waves 
are compounded, and the thick 
line curve is the resuitant ; 

this is, of course, the actual 
shape of the string, and is 
shown at quarter period in- 

Fra. 674.—Resultant vibration of string. tervals during seep complete 

vibration. The points A, C, E, 
etc., are at rest, that is, they are points of no disturbance, and are 
called nodes. B, D, F, etc., are points of maximum disturbance, and 
are called antinodes. The wave-length is thus equal to the distance 
between alternate nodes or alternate antinodes. 

The segment of the string AC, or CE, vibrates from side to side, 
each point of the string executing a simple harmonic motion, but 
consecutive segments are in opposite phases. Also all points of any one 
segment are always in the same phase. 

The equation of motion of the string may easily be found from 
the equations of the incident and reflected waves. 


‘ t cau 
Thus, y =a sin 2r é — x) ... (incident wave), 


: t 
y= -asin 2r (= + x) ... (reflected wave). 
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— 


.”, the resultant of the two waves is given by the equation, 
ehai t 2 Tee Aes 
y=asin In (7-5) -asin 2a (= +5) 


= —2asin a cos 2r x, 


or, y =A cos 2r» 


where A= —2asin Qn 


Thus each point of the string executes a simple harmonic motion 
of amplitude A, this amplitude varying from point to point along 
the string. At time ¢=0, 


cos 27 i =}, 
and A= — 2a sin 2r S is the equation giving the shape of the string 


at this instant. At points =J, r=A/2, x=À, x=3å\/2, etc., the 
amplitude of vibration is zero ; these are the nodes. 

At points x= à/4, =3A/4, x=5A/4, ete., the amplitude of vibra- 
tion is 2a (or — 2a), which points are therefore antinodes. 


String fixed at both ends.—If a simple harmonic motion be given 
to a point in a string which is fixed at both ends, the waves travel 
to both ends, are reflected to the opposite ends and are again 
reflected and return to the original point, after having traversed 
twice the length of the string. If these waves, on arriving at the 
original point of disturbance are exactly in phase with the disturbance 
then being produced at the point, the waves will be reinforced and 
the process continues with increased amplitude. Thus the wave 
has travelled twice the length of the string, and for the simplest 
type of vibration of the string, the interval of time is that required 
to make one complete vibration, and this distance must, therefore, 
equal the wave-length À; 


4 la, 
where / is the length of the string. 
But, V=ni, (p. 680) 
and Ve af eh (p. 727) 
m 
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This is the frequency of the simplest type of vibration of which 


the string is capable. F 
If two vibrations are completed while the wave travels twice the 


length of the string, 21=2A, 


TE 
and END 


(c) 


Fic. 675.—Modes of vibration of a stretched string. 


In a similar manner, we may have 


RNE 
n=z] = etc. 


Thus there are many possible frequencies of vibration for a string, 

the vibration frequencies being proportional to the numbers 
1:2:3 24: ete. è 

The same result may be obtained in a somewhat simpler manner 
by remembering that the fixed ends of a string must be nodes. 
Hence for the simplest mode of vibration of a string there is a node 
at each end and an antinode in the middle, as at Fig. 675 (a). The 
length of the string is then one-half wave-length, or 
t 


À 1 
l=— and =N ia 


AN 
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This is the lowest frequency of vibration of which the string 
is capable, and n, is the fundamental note of the string. 

Again, the next mode of vibration in order of complexity is that 
ot Fig. 675 (b) with a node at each end and another in the middle. 


Here chs 
CN and n=>/—=2n > 
L N-m q 


The note then emitted is the first overtone or harmonic. Similarly 
the modes (c), (d), etc., give frequencies 39, 4ng, etc. Overtones 
with frequencies as high as 10, may often be detected. 

Monochord or sonometer.—For studying the vibration of strings 
an instrument called the monochord, or sonometer is frequently em- 
ployed. It consists of a sounding-board upon which is a stretched 


Fig. 676.—The monochord. 


string. The end of the string A (Fig. 676) is fixed to a key and the 
end B passes over a pulley and is stretched by a known weight W. 
At C and D are two fixed bridges and other movable bridges are 
also provided. A second fixed string also is sometimes used. If 
the string be bowed or plucked at any position, that point cannot 
be a node ; hence, if the string be bowed in the middle, the frequencies 
2n,, 4», ete., are certainly absent and the fundamental predominates. 
Also, by touching the string lightly at any point with a brush or 
piece of paper, a node will be produced at this point. By carefully 
choosing the positions of bowing and stopping, any of the forms 
of vibration of Fig. 675 may be produced, and the corresponding 
pitches of the notes may be recognised. Also, the vibration of 
the string may be detected by placing light paper riders upon 
it. These are thrown off at the antinodes, but remain on the nodes, 
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In Fig. 677 the string is stopped at C, one-third of its length from 
A, and is bowed at B, midway between A and C. The mode of 
vibration is therefore (c) of Fig. 675. The riders are thrown off at 
D and F and that at E remains. 


Fre. 677.—Detection of vibration of a string. 


' Expr. 154.—Proof that the frequency of a stretched string varies inversely 
as the length. Obtain several tuning-forks of known frequency. By means 
of the movable bridge of the monochord, tune the string until a length / 
of it is in unison with the fork of frequency n. Measure carefully the length 
l of the string. Repeat with the other forks, keeping the weight which 
stretches the string constant. 

Tabulate the results as follows : 


Frequency of fork. Length of string. 


In the last column record the product frequency xlength. This should 


be constant, showing that the frequency varies inversely as the length of 
the string. 


Expr. 155.—Proof that the frequency of a string varies directly as the 
square root of the tension. Place a bridge under the fixed string of the 
monochord so that one segment gives, when plucked, a note of suitable 
pitch. With a known weight stretching the other string, adjust the 
movable bridge under it until a length is found, in unison with the 
first string, and measure the length l. Vary the stretching force ¢, and 
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tune and measure again, repeating several times. Record the results as 


Stretching weight. Length of string. — 


The quotient J//t in the last column should be constant. This result 
shows that the length for constant frequency varies diectly as vt. But 
the frequency for constant £ varies inversely as 7, therefore, if the original 
length were maintained, the frequency would vary directly as v't. 


EXPT. 156.—Proof that frequency varies inversely as the square root of 
mass per unit length. Repeat the last experiment, with the sole difference 
that instead of changing the weight, change the string for another of 
different diameter or material, Repeat with several strings, in each case 
cutting off a piece and woighing it to determine the mass m per unit length. 
Record the results as follows: ? 


Mass per unit length. Length of string. lm. 


— 


The product 1\/m should be constant, which would show, as in the last 
case, that the frequency of the string varies inversely as Vm. 


Ex PT. 157.—Absolute pitch ofa fork. Tune a piece of the string to unison 
with the fork, and measure the length 1. Note the tension ¢ in dynes. 
Cut off a piece of the string and weigh it, to determine m. Calculate the 
frequency from the equation 1 vi 

aN 


Melde’s experiment.—A stretched string may be set in vibration 
by means of a tuning-fork, provided that the natural frequency 
of the string is equal to that of the fork. 

Let the string AB, which may be a piece of stout thread or thin 
cord, be attached to one prong of the fork B (Fig. 678), the other 
end passing over a pulley and having a weight W attached. Then 
by moving the fork nearer to or further from the pulley, a length 
of the string may be found which will resound to the fork. Also 
by doubling the length of the string, or suitably changing W, the 
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string may be set in vibration in the mode (6) of Fig. 675. By 
suitable alterations, the string may be set into vibration in any 


Fig. 678.—Melde’s experiment (first arrangement). 


desired number of segments, but in each case the frequency of the 
string is equal to that of the fork. soa 

The string may also be set in vibration with the fork vibrating 
longitudinally to it as in Fig. 679, but in this case the vibration 
is produced by the alternating pulls upon the end of the string by 
the prong of the fork. Each movement of the prong to the right 

pulls the string tight, and this 

occurs in the middle of its 
swing, that is, twice in every 
vibration. Thus, in this case, 
_ the frequency of the string is” 
half that of the fork. 
Transverse vibrations of rods. 

—When a rod is bent, couples 

iets a eo are brought into play tending 

to restore it to its original 
shape. Hence a rod is capable of transverse vibrations. The cal- 
culation of the form and period of vibration is difficult. The rod 
may vibrate in various ways according to whether it is unclamped, 
clamped at both ends, or clamped at one end. The last case is 
the most important, as rods clamped at one end are used as reeds 
in organ pipes and in musical boxes, and a tuning-fork may be 
looked upon as a pair of such rods united at their bases. 

A thin rod such as a piece of clock spring with one end clamped 
is capable of vibrating in one segment as in Fig. 680 (a), or in two 
segments as in (b) with a node at A. In this case the frequency 
is about 63 times that in (a), and A is situated about one-fifth of 
the length of the rod from the free end. It can also vibrate as 
in (c), the frequency being about 174 times that of case (a). Thus 
the overtones are not simply related to the fundamental. In the 
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case of the tuning-fork, the first overtone is so feeble and of such 
high pitch that the fork gives a tone which is very nearly pure, 
being the most nearly simple harmonic vibration that produces 
sound with which we are acquainted. 

Since the prongs of the fork vibrate in arcs, the centre cf mass 
of each prong moves up and down slightly during the vibration. 
This gives rise to a harmonic 
force upon the stem, and if the 
stem is in contact with a table 
or sounding-board, the latter is 
set in vibration by this har- 
monic force. 

In order to adjust the fre- 
quency of a tuning-fork, the 
metal is filed away slightly. To 
raise the pitch, metal is removed 
from the ends of the prongs, the 
effect of which is to decrease 
the moment of inertia of the 
prongs without altering the 
stiffness. To lower the pitch, 
metal is removed from the base i 
where the prongs unite. This diminishes the elastic stiffness without 
sensibly altering the moment of inertia. i ; 

The effect of rise of temperature upon a tuning-fork is to increase 
its size and to lower the elasticity of the metal. The latter effect 
is the more important in the class of stecl used for tuning-forks. 
A rise of 1° C. produces a lowering in the pitch of a tuning-fork by 
about 0-01 per cent. 


(c) 


¥ 1a. 680.—Transverse vibration of a spring. 


FG. 681.—Electrically-driven tuning-fork. 


Electrically driven tuning-fork.—For many purposes it is desirable 
to maintain a tuning-fork in continuous vibration without having 
to bow, or strike it. The fork is clamped to a stand and is 

provided with a short metal tongue A (Fig. 681) having a platinum 
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contact piece which touches a similar one at B. A secondary cell 
is connected to the stand and then through the body of the fork to A, 
B is connected to the coil of a short electro-magnet D, situated between 
the prongs of the fork, the return wire then passing to the cell C. 
When contact is made at B, the current flows, and the electro-magnet 
D pulls the prongs of the fork together slightly, thus breaking the 
contact at B, and causing the pull of D upon the prongs of the fork to 
cease. The return motion of the prong makes contact again at B, and 
the process is repeated. The prongs of the fork thus receive impulses 
driving them together at regular intervals, determined by the fork’s 
own period, and the fork is maintained in continuous vibration. 
Care has to be taken in adjusting the position of B so that the 
contact is just made for a short part of the vibration of the fork. 
Stroboscopic method of determining frequency.—A very accurate 
method of measuring the frequency of a standard fork, known as 


Fig. 682.—Stroboscopic method of obtaining frequency. 


the stroboscopic method, is sometimes used. It depends upon the 
fact that a regular body in rotation, such as a wheel, appears to 
be stationary if intermittently illuminated, the instants of illumina- 
tion being such that the wheel turns through the angle between the 
spokes in the time between successive illuminations. The same 
effect is produced if the wheel be viewed intermittently. In 
Fig. 682 (a) the disc D, driven by the electro-motor M, is viewed 
through the telescope T. The disc has a circle of dots or marks, 
equally spaced, and between the disc and the telescope is situated the 
tuning-fork F, whose frequency it is required to measure. Attached 
to the prongs of the fork are two light screens S, shown in section 
in Fig. 682 (b). Each screen has a slot in it, in such a position that 
the telescope and slots are in line with the dots on the dise when 
the fork is at rest. The fork may be of the electrically driven type 
shown in Fig. 681, but the driving mechanism is not shown in Fig. 682. 

On causing the prongs of the fork to vibrate, the slots S will 
pass each other, and allow the circle of dots to be seen by an observer 
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looking through the telescope, twice in every complete vibration 
of the prongs. The speed of the motor can be regulated so that 
each time the circle of dots is seen, the dots appear to be in the same 
position, each dot having taken the position occupied by the dot 
in front of it when last seen. The dots will then appear to be 
stationary. Ifthe disc is driven too slowly, each dot is a little behind 
the position occupied by the one in front when last seen, and the 
dots will appear to an observer to move slowly backwards. For a 
similar reason, when the disc is driven slightly too rapidly, the dots 
will appear to move forwards in the direction of rotation of the disc. 
By careful adjustment, the dots can be kept apparently stationary for 
a considerable time. The student will notice that if the disc be 
driyen at twice or three times the speed, the dots will again appear 
stationary. 

In order to determine the frequency of the fork, the motor must 
be provided with a revolution counter, and the number of revolutions 
in a known time observed. Multiplying the number of revolutions 
per second by the number of dots in the circle, we obtain a number 
which is twice the frequeney of the fork, the dots being seen twice 
in each vibration of the fork. If the frequency of the fork be known, 
the method can be applied to the measurement of the speed of 
rotation of the disc, and serves as a very delicate method of observing 
whether the speed remains constant. 

Vibration of plates.—Chladni’s figures.—A rectangular plate may 
be looked upon as a, very broad rod. Thus the square plate 
ABCD (Fig. 683) may be considered to be a 
rod of length AD and width AB, or as a rod 
of length AB and width AD. In the former 
case it could vibrate about EG as a nodal 
line, and in the latter about FH as a nodal 
line. If the plate be clamped at its middle 
point O, and bowed at one corner, EG and 
FH are. nodal lines, and the corners are 
points of greatest vibration. A very great D H C 
number of modes of vibration may be pro- Fie. 683.—Vibration of a 

i $ i ‘ plate. 

duced in plates, the theoretical determination 

of which presents great difficulties. These forms may be produced, 
however, by a method due to Chladni. The plate is clamped at one 
point, usually the middle, and bowed at some point of the edge, 
the finger being pressed on some other point or points to fix the 
position of the nodal lines. If some fine dry sand be sprinkled 
upon the plate, the sand is thrown off the parts of greatest vibration 
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and collects along the nodal lines. If lycopodium powder be used 
it collects on the parts of greatest vibration. Several of Chladni’s 


N N 
Fia. 684.—Chladni’s figures. 


figures are given in Fig. 684, the finger being placed at N and the 
plate bowed at A. The two places on opposite sides of any nodal 
line are always in opposite phases. 


Bells.—The mode of vibration of a bell is very complex, but 
considering it for a moment to be that of a cylinder, we can see 
that the vibration is not entirely radial. 
For if the undisturbed position of the 
cylinder be indicated by the circle in 
Fig. 685, one extreme position of the 
vibration is indicated by the dotted 
line. A is an antinode, the pcints NN 
having no radial motion. They must, 
however, have a tangential motion, for 
the arc NA'N is less in Jength than the 
arc NAN, and the arc NB’N is longer than 
NBN. The nodes must, therefore, have 
a small vibration in a circumferential 
manner. This explains why passing 
the finger round the moistened rim of 
a wine glass can set it in vibration. The motion of the finger 
causes circumferential motion of the point over which it is passing, 
and this sets up the radial vibration. 

The overtones, which determine the quality of the note of a 
bell, are not the simple evertones given by a vibrating string or 


Fic. 685.—Mode of vibration of a 
bell. 
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an organ pipe, and the fundamental note which determines the 
tone of the bell is not the lowest note, but the lowest but one. 
The art of constructing bells of high quality is largely empirical, 
the maker knowing by experience how to remove metal from the 
bell in order to modify the overtones suitably. 


EXERCISES ON CHAPTER LVIII. 


1. How does the pitch of the note emitted by a stretched string 
depend on (a) the stretching force, (b) the length of the string, (c) the 
mass of the string per unit length? Describe an experiment for 
measuring the frequency of a tuning-fork by compaing it with that of 
a stretched string. 


2. Upon what physical properties do (1) the loudness, (2) the pitch, 
(3) the quality of a musical note depend? How would you show ex- 
perimentally the existence of overtones in the note emitted by a vibrating 
string ? Sen. Camb. Loc. 


3. Describe the possible forms of transverse vibration of a stretched 
string, and the effect on the quality of the note emitted cf plucking or 
bowing it at different places. i L.U. 


4. State the laws of vibration of strings, and describe experiments 

to verify them. 
A wire of length 140 cm. and mass 52 grams is stretched by means of 
a load of 16 kilograms. Calculate the frequency of the fundamental | 
vibration. g =981 cm. per sec. per sec. L.U. 


5. Two wires equal in mass and dimensions are stretched on a sound- 
ing-board by loads of 8 and 18 pounds respectively. Compare the frequen- 
cies of the notes due to their fundamental transverse vibrations. 

Explain how, without changing the lengths or tensions of the strings, 
you could make them emit notes of the same pitch. EON 


6. Two wires, equal in length and made of the same material, are 
subjected to tensions in the proportion 1:3, the one under the greater 
tension being the thicker. The thinner wire emits a fundamental note 
of double the frequency of the other. Compare the diameters of the wires, 
supposing them to be circular in cross-section. LU: 


7. Describe a sonometer, and give an account of any experiments 
you have seen done to illustrate the laws of vibrating strings. If a string 
is sounding a given note, in what ratio must the tension be increased 
to alter the frequency in the ratio 5:2? How much would the string 
have to be shortened to make the same change without altering the ten- 
sion ? L 

8. A bridge is placed under the string of a monochord at a point near 
the middle, and it is found on plucking the two parts of the string that 
3 beats per second are produced when the load stretching the string is 
8 kilos. If the load be then increased to 11 kilos., determine the rate 
of beating of the two parts of the string. L.U. 

D.S.P. 3B 
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9. Show by means of diagrams the possible modes of vibration of a 
stretched string. 
If the first overtone of a stretched string 75 cm. long has a frequency 
of 200 when the string is stretched by a weight of 4 kilos., what is the 
mass of the string between the supports ? L.U. 


10. State the laws of transverse vibrations of strings. 

A brass wire, density 8-5, radius 0-02 cm. is stretched between two clamps 
90 cm. apart while subjected to an extension of 0:05 em. per metre. F ind 
the pitch of the lowest note due to transversal vibrations, assuming Young - 
modulus for the wire to be 9-8 x 101 dynes 1 cm?. Madras University. 


11. Explain the stroboscopic method of finding the frequency of a fork. 
Compare the accuracy of this method with that of other methods you know. 
Allahabad University. 


12. Explain the manner in which reflection of a transverse wave in a 
stretched string occurs, when the wave reaches a fixed point in the string. 


13. The string of a monochord vibrates 100 times a second. Its length 
is doubled and its tension altered until it makes 150 vibrations a second. 
What is the ratio of the new tension to the old? Allahabad University. 


14. On what does the pitch of the note given by a stretched string 
depend ? The lengths of two wires A and B of the same materia! are in 
the ratio 2; l, and their diameters are as 1: 2, the cross sections being 
circular. lf the tension in A is 5 kilograms, what must be the tension in 
B in order that it may emit the same note as A ? L.U. 


15. Show how a stationary oscillation on a stretched string can be 
represented as the sum of two waves travelling with equal velocities in 
opposite directions along the string. L.U 


16. Explain how you would demonstrate the existence of harmonics in 
the vibrating wire of a sonometer. 

A copper wire one metre long is vibrating in two segments when stretched 
by a weight of } kilogram. Find the frequency of the note if the mass per 
centimetre is -01 gram. (g=980 cm. per sec. per sec.) L.U. 


17. Given that the velocity of a transverse wave in a stretched string is 
~ fim, where f is the stretching force and m the mass per unit length of the 
string, find an expression for the frequency of vibration of the string when 
sounding its fundamental note. 

If the fundamental frequency of a string 60 cm. long is n, where would 
you place a bridge under the string to produce notes of frequency n,, for one 
part and n, for the other, so that the intervals from n to n, and from 
n, to na shall be the same ? L.U.H.Sch. 


CHAPTER LIX 


VIBRATION OF AIR IN PIPES 


Reflection of compression wave at a rigid wall.—That compression 
waves are reflected at a rigid wall has already been noted (p. 698), 
but in order to find the phase of the reflected wave, further con- 
sideration is necessary. A longitudinal wave may be represented 
either by a displacement curve, or by a compression curve, the two 
being simply related to each other. If the displacement curve is 
a sine curve, the curve representing compression, and therefore the 
excess of pressure over the normal, is algo a sine curve, whose ordinates 
are everywhere proportional to the slope of the displacement curve. 
The compression is represented by a sine curve, a quarter of a wave- 
length in advance of the displacement curve (p. 686). The com- 
pression curve is more useful than the displacement curve in studying 
the reflection of longitudinal waves in gases. l 


Let the wave represented by the compression curve C (Fig. 686) 
be incident upon the wall P. A harmonic pressure is then exerted 
upon P, and, what is the same 
thing, P exerts a harmonic 
pressure upon the gas. The 
wall therefore gives rise to 
two waves, one travelling to 
the right and the other to the 
left, but the two are not in 
the same phase, as were the ; ; 
waves produced by a fixed FIG. Se Carine vss eee wave at 
point in a string (p. 728). 

Remembering that in order to exert a pressure to the left, P would 
have to move towards the left, we see that the same movement 
would produce a rarefaction to the right. The two waves would 
therefore have opposite phases at P, as is the case with waves 
started upon the two sides of the prong of a tuning-fork (p. 707). 
The two chain-line curves in Fig. 686 indicate these two waves at 
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the given instant ; the one to the right of P cancels out the continu- 
ation of the incident wave (dotted curve), and the one to the left is 
the reflected wave. 

In Fig. 687 four stages in the reflection of a compression wave 
are shown, from which it will be seen that the incident and reflected 
waves compound into a steady 
vibration. The waves to the 
right of P always have a re- 
sultant zero, and consequently 
need not have any physical 
existence at all. Also, note 
that P is a point of maximum 
variation of pressure and that 
@& compression is reflected as a 
compression. 

The process of construction 
is, therefore: lst, continue 
the incident wave past the 
cee a TIAN obstacle 2nd, draw a wave 

Fcomiprecsion wave ab a AI oe Weien wall cancel out - this 

$ continuation ; and 3rd, draw 
the twin wave to this, which starts simultaneously from P, remem- 
bering that in this case the twin waves are in opposite phases at P. 
_ The above process may be represented equally well by equations 
instead of curves; thus, if the incident compression wave be repre- 
sented by La 
y=asin 2r € -5) 

the wave to cancel out the continuation of this is 


= — Q Sin 2r (;-3): 


À 
The twin wave to this is (note the change in sign of the amplitude) 
; C ENa 
os y= +asin In (+5), 
which is therefore the equation to the reflected wave. 


_Again, the incident and reflected waves compound into the steady 
vibration x 


t - ‘ft 
“v=asin 2r (;-{) +e sin 27 (+3) 
=2a cos 2r ~ sin 2r i 
À T 


_ The variation of pressure is obviously a maximum where x=0, 
since cos 0=1, that is, at the point of reflection, at which point, 


. t 
=2 2 x 
y=2a sin t 
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Closed pipe.—The vibration of the column of air in a closed pipe 
can now be considered. Let a tuning-fork vibrate over the open end 
of the pipe AN, which is closed at the end N (Fig 688). As the 
prong near the pipe moves downwards, it produces a compression 
which travels down the pipe. This is reflected at N as a com- 
pression and returns to A. If, on arriving at A, it finds the prong 
now moving upwards, there will be a rarefaction produced at A by 
two simultaneous causes—the reaction of the 
compression and the movement upwards of the ey 
prong. This rarefaction will now travel down === 
the pipe and be reflected as a rarefaction and A 
will arrive at the top as the prong is moving 
downwards. The wave has travelled four times 
the length of the pipe, while the prong has made 
one complete vibration. If Z be the length of 
the pipe, the wave-length of the wave emitted 
by the fork is 4l= À, and if n be the frequency 


of the fork nr=V, 
a. 
or, n=7] 


In this case, during the first few vibrations N 
of the fork, the vibration of the column of air F16. ele oor of 
in the pipe increases until, eventually, a steady | 
state of vibration is reached. The pipe thus resounds to the fork. 
Had the length of the pipe been different, the phase relationship 
between the fork and the compression wave would not have been 
maintained, and the fork and the wave would have sometimes 
assisted, sometimes opposed each other, and there would have been 
no resonance. 

Modes of vibration of a closed pipe.—From the fact that the wave 
travels four times the length of the pipe while the fork makes a 
complete vibration, it follows that the length of the pipe is one-quarter 
of the length of a wave. Also, the direct and reflected waves build 
up into a steady vibration, and the distance between a node and an 
antinode is a quarter of a wave-length (p. 7 30). Further, the end A 
(Fig. 688) is a point of maximum movement of the air, that is, an 
antinode; the closed end N, although a point of maximum variation 
of pressure, is obviously a point of zero movement of the air. 
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Bearing these facts in mind, it is clear that there are other possible 
modes of vibration of the air in the pipe. 

The condition for the column of air to vibrate is, that the frequency 
must be such that the open end is an antinode while the closed end is a 
node, and the nodes must alternate with the antinodes. 

The first three modes of vibration are illustrated in Fig. 689, 
where the dotted lines represent the displacement curves for the 
steady vibration resulting from the compounding of the incident and 

reflected ‘waves. Case (a) has 

already been considered ; here 

my=V/4l. The next mode of 

vibration is (b) in which the 

length of the pipe is three- 
quarters of a wave-length. 

Thus, /=3?A; and since 

V 


T oe 
n=p N= 2o 


no being the frequency for the 
./ | fundamental (a). In (c) the 
(c) pipe includes 1} waves, that is, 


Ai! 


(a) 
Fra. 689.—Modes of vibration of the air in a ise. 5V l 
closed pipe. l=5), and n= a Bno- 


It follows, then, that the possible frequencies of vibration for 
a closed pipe are in the ratios of the odd numbers 


T2575 27: ete. : 
When a pipe is sounded, the first few overtones are always present 
and give the note its characteristic quality. By blowing the pipe 


with different pressures of air, the intensity of the overtones changes, 
and the quality of the note varies. 


Reflection at the open end of a pipe.—It is a general fact that a wave 
of any kind, reaching a discontinuity of any sort, undergoes reflection 
to some extent. Several cases, such as the reflection at the fixed 
end of a string and the closed end of a pipe, have been considered. 
But when a wave, travelling along a pipe, reaches an open end, 
there is a discontinuity, and reflection occurs. The conditions of this 
reflection must now be considered. Wherever the pressure in the 
air is greater than the normal, this excess of pressure is exerted in 
all directions, and while the wave is travelling in the tube, the 


LIX REFLECTION AT OPEN END OF PIPE 747 


eS 


lateral pressure acts upon the sides of the tube, which are supposed 
to be rigid. On reaching the end of the pipe, however, this lateral 
pressure is unbalanced by any walls, and expansion can now take 
place in all directions. The treatment of the previous case enables 
us to find the form of the reflected wave, remembering that the 
tendency of the open end is te 
destroy the excess pressure, 
that is, to bring the pressure 
to the normal. 

Let C (Fig. 690) be the com- 
pression curve for a wave trz- 
velling along the pipe, reaching 
the open end at P. The effect FIG. 690.—Reflection of a compression wave at 
of the open end is to produce ae ee 
a tendency to reduce the pressure to the normal, by the air moving 
outwards as a compression arrives, and inwards as a rarefaction 
arrives. The wave represented by the chain curve to the right of 
P then partly neutralises the continuation of the incident wave, but 
not completely. This is evident, for waves of considerable intensity 
emerge from the pipe. Thus 
the reflection by an open end 
is never complete, that is, the 
whole wave is not reflected, 
but part emerges. The twin 
waves arising at P are therefore 
in phase with each other at P, 
for a rushing out of the air 
from P causes a rarefaction to 
start in both directions, and, 
conversely, a rushing in starts 
compressions. , 

The compounding of the 
reflected wave with the inci- 
Fig. 691.—¥our phases in the reflection of a dent wave in the tube may be 

compression wave at the open end of a pipe. meric outas before (p. 7d. 4), 
four stages in the reflection of one wave-length being given in 
Fig. 691. It must be remembered that the interference of the 
waves within the tube is not complete, as the reflected wave is not 
of the same intensity as the incident wave. Within the tube, we 
may consider that there is a progressive wave travelling down it, 
superimposed upon the steady vibration, and that this progressive 
wave emerges at the end of the tube. 

The equations for the waves are then as follows : 


t | 
Incident compression wave, y=asin 2r (F = x) eee es (1) 
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y= —a’ sin 2r E — x} E (2) 
Twin compression waves, 
= -—a’ sin 2r 2 +3} E es (3) 
~ peg a eae 
Equation (3) represents the reflected wave. 
Equation (1) may be written 
" ot z t ot xz it 
y=(a—a’) sin 27 (E-5) +a sin 27 (7-2). AE AE A a noi (4) 


Combining equations (3) and (4), we obtain for the equation for 
the state of compression in the pipe, 
; t eis jee 
y =(a—a’) sin 2r (;-3) oe sin 2r (7 -5) —a’ sin 2r E +5) 


5 t 
=(a—a’) sin 2r (5 — x) +2a' sin 2r H cos 2r F 
(emerges) (stationary vibration) 


The emergent wave is the resultant of the incident wave and the 
emergent twin wave, that is, 


=(a — a’) sin 27 G- 


Modes of vibration of air in an open pipe.—In determining the 
possible modes of vibration of the air in a pipe open at both ends, 
it must be remembered that an open end must always be an antinode, 
that is, the amplitude of displacement is a maximum at an open 
end (p. 746). Hence the simplest mode of vibration possible is that 
with an antinode at each end and a node in the middle, for nodes and 
antinodes must alternate with each other. It has been seen that 
the open end is a place of minimum variation of pressure, which 
is further evidence that it must be an antinode. For, at a node 
the air is moving in both directions towards it for half a vibration 
(Fig. 694), and away from it for the other half, and hence a node is 
the point of maximum variation in pressure. 

If follows that the simplest mode of vibration is that of Fig. 692 (a). 
The length of the pipe is the distance between two consecutive 
antinodes, and is therefore half a wave-length (p. 730). Then, 
since V=n, ng =V/2l, which is therefore the frequency of the funda- 
mental vibration. The next mode is given in (b), where the length 
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of the pipe is one wave-length, and n=V/l=2n,. This is the first 
overtone, and has twice the frequency of the fundamental. In 
(c), n =3V/2l=3np and soon. Thus 


the fundamental and overtones “| | a a Arto 
of an open pipe have frequencies ty ` i ve 
proportional to the natural num- ' ' ni Y 2 ra 
bers 1:2:3:4:etc., which should ey rs 
be contrasted with those for the u RE * vo 
closed pipe (p. 746), in which only N| i Ali: N si 
the frequencies proportional to the n pra ae 
odd numbers are present. The ni i Als: 
remark concerning the presence of ! ' N $ RY 
the overtones in the case of a J:i La è ra 
closed pipe (p. 746) and the quality al! : Ali! r aia 
of the note also applies here. (a) (b) (c) 


7 Esl Fig. 692.—Modes of vibration of air in an 
Manometric flames, etc.—The dott pipo. 


points of maximum pressure dis- 

turbance in an organ pipe may be shown to be at the nodes of 
displacement by means of manometric flames (p. 708) let into the 
side of the pipe. On blowing an open pipe 
gently, the flame B (Fig. 693) when examined in 
the rotating mirror will present a toothed edge. 
On blowing the pipe harder, the first overtone 
(Fig. 692 (b)) will be produced and the flames A 
and C will present teeth, while the flame B will be 
more nearly quiescent. With a sufficient number 
of manometric flames, the nodes of Fig. 692 may 
all be detected when the pipes are suitably blown. 
It is a general rule that the narrower a pipe and 
the more forcibly it is blown, the more readily 
will it give the higher overtones. 

Another method of finding the positions of the 
nodes and antinodes is to lower into the pipe a 
small paper drum upon which some fine sand has 
been sprinkled. One of the sides of the organ 
pipe must be of glass, if the movement of the 
sand upon the paper is to be observed. At a 
node, the sand is at rest upon the paper, but at 
an antinode the sand grains are seen to dance 
about upon the paper. 

Fia. 693.—Applica. Cheshire’s disc.—The motion of the air in a 


tion of manometric P . b 
flames to pipes. sounding pipe can be represented very well by 
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means of a diagram similar to Fig. 633, known as Cheshire’s dise. 
A small circle ABC (Fig. 694) is equally divided into 12 parts by 
points on the circumference. Perpendiculars are dropped from 
these points upon the diameter AC and the feet of these perpen- 
diculars are taken successively as the centres of circles of gradually 
increasing radius. A is the first centre, then the next point to A, 
-and so on until C is reached, and the diameter then retraversed 


FIG. 694.—Cheshire’s disc. 


until A is reached again. On covering up all but a strip EF, which 
represents the pipe, and rotating the circles about the centre of the 
circle ABC, the lines will vibrate longitudinally, N, N, N being nodes 
and A, A antinodes. It will be seen that the lines move from both 
J pra a node for half a vibration, and away from it for the 
other half. 


End correction of pipe.—It is found that the length of a closed 
pipe is not exactly one-quarter of the wave-length corresponding ta 
the fundamental; neither is the length of the open pipe exactly 
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half the wave-length. The reason is that the reflection does not 
occur exactly in the plane of the open end. From the-nature of 
the reflection at the open end of a pipe, it follows that the process 
of reflection is not entirely confined to one plane. The effective 
end of the pipe is, therefore, not at its actual end. but a small distance 
beyond it. It has been found by experiment that fora cylindrical 
pipe, the: effective length may be calculated on the assumption that 
reflection occurs at a plane situated beyond the open end by a 
distance 0-6 x radius of pipe. It is this da 
effective length and not the actual o«R} 
length of the pipe that must be used in 
the calculation of the frequencies of the 
fundamental and overtones on pp. 746 
and 748. 

Thus, for a closed pipe 1 

l=actual length +0-6 radius, 
and for an open pipe 
l=actual length +1-2 radius. 


It follows that the overtones of a pipe 
form a harmonic series, provided that 
the end correction is strictly constant. 

This, however, is the case only where TAE E 
the wave-length of the vibration is large F19- 695--Pnd correction at the 
in comparison with the diameter of the , 
pipe. Thus, a narrow pipe will have overtones whose frequencies 
are given very nearly by the numbers 1, 2, 3, 4, ete., in the case of 
an open pipe; but if the pipe is a wide one, the end correction is 
greater the higher the frequency of the overtones, and these will 
not fall exactly in the harmonic series. Also they will not be so 
readily produced in a wide pipe, which will therefore be poorer in 
overtones than a narrow one. 

Helmholtz showed that it is possible to construct a bell mouth 
for a pipe which shall have zero end correction, the antinode being 
in the plane of the end. The side of the bell is in the form of a 
hyperbola, the radius of the mouth being v2 times that of the 
ial part of the pipe. For a pipe with such a mouth, the 
overtones would be exactly in the harmonic series. This is of 
importance in the construction of brass wind instruments, where 
it is necessary to have the overtones as nearly in the harmonic 
series as possible. ; ) ; 

Conical pipes.—The theory of conical pipes is too complicated 
to be treated here, but one or two facts: concerning them may be 
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mentioned. With a small angle of cone there is an antinode at 
the open end, and the antinodes for the overtones are equally spaced 
along the axis of the pipe. Also, the overtones in the case of a conical 
pipe closed at the apex and open at the mouth form the whole har- 
monic series, having frequencies 1, 2, 3, 4, etc. This is a contrast 
to the cylindrical closed pipe, where only the frequencies proportional 
to the odd numbers are present. Thus, in the case of a conical 
organ pipe excited by means of a reed (p. 763), which is equivalent 
to a closed end, the whole harmonic series of overtones may be 
present. 


Exper. 158.—Velocity of sound in air by resonance. A tuning-fork of 
known frequency is struck and then held over the mouth of a tube 
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Fria, 696.—Resonance of a Fig. 697.—Elimination of the 
column of air. end correction of a pipe. 


dipping into water (Fig. 696). The length of the column of air in the 
tube can be varied at will by raising or lowering the tube. A position 
can be found for which the column of air resounds most loudly to the 
fork. Measure this length of tube, and add the end correction of 0-6 of 
the radius, thus obtaining l, the effective length of the pipe. This is 
one-quarter of the wave-length A, and since 


V=ndA =4nl, 


V, the velocity of sound in air, is determined. This should be corrected 
for the fact that the air is not as a rule at 0°C. Take the temperature 
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of the air by means of a Centigrade thermometer and find the velocity at 
0° C. from the relation 


Ve=VoV1+af, or ViN 


T being the temperature upon the absolute scale. 

There is another and better way of eliminating the end correction, and 
that is, to find a second length of tube which resounds to the fork. This 
length is approximately three times the first length. The difference 
between the first length and the second is the length AB (Fig. 697), and 
this is half a wave-length, independently of what the end correction 
may be. Then, V =2n (AB). 


i 
273° 


Longitudinal vibration of rods.—A wooden rod stroked with a 
resined flannel, or a glass rod stroked with a wet duster, can be set 
in longitudinal vibration. The ends of the rod being the parts of 
greatest freedom are antinodes, and hence, for the simplest mode 
of vibration, there will be a node in the middle of the rod. It will 
therefore vibrate in a similar manner to the air in an open pipe 
sounding its fundamental (Fig. 692 (a)). It follows that if the rod 
is clamped, the clamping should be done at its middle point in 
order not to interfere with its vibration. The overtones are not 
sufficiently important to take into account. 

The velocity of a longitudinal wave in a rod is given by JE/d 
(p. 695), where E is Young’s modulus of elasticity and d is the 
density of the material of the rod. Again, since V=nàÀ and A=2l, 
where | is the length of the rod, or the distance between consecutive 
antinodes, V Pale 

TUANE 

EXAMPLE.— Find the frequency of longitudinal vibrations for a brass 
rod of length 14 metre ; Young’s modulus is 1-02 x 10 dynes per sq. cm. 
and the density is 8-5 grams per c.c. 

pane 1-02 x 101? 
~ 300 8-5 

It is thus seen that the notes given by the longitudinal vibration 
of rods are usually of high pitch. 

In the table on p. 696 the velocity of sound in rods of various 
materials is given. 


= 1154. 


Expr. 159.—Velocity of sound in a rod. Let a rod of wood or glass 
be clamped in its middle point A (Fig. 698), and strcked with a resined 
flannel in the case of wood or metal, or a wet duster in the case of glass, 
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antil it emits a note. With the adjustable bridge, tune a length of the 
string of a monochord until it gives a note of the same pitch as the rod. 
Care must be taken that unison is obtained and not the octave. Measure 
the length of string found and 
call it l. Now move the bridge 
until a length of the same string 
gives a note in unison with a 
standard fork of known frequency. 
Measure the length of string and 
eall it ly. 
frequency of rod 1 
Then; frequency of fork lr 
from which the frequency of the 
rod can be found. Measure the length of the rod and double it to obtain 
the wave-length À. 


Then, Velocity of sound in rod =ni. 


Fra. 698.—Longitudinal vibration of a rod. 


In this way find the velocity of sound in several rods. 


_ Kundt’s dust figures.—The longitudinal vibrations of a rod may 
be used to set a column of air in steady vibration, and the wave- 
length in air corresponding to the frequency of the rod may be 
found. 

A glass tube AB (Fig. 699), resting on V blocks, is closed at the end B. 
One end of the rod enters at A, the rod being clamped at its middle 


Fig. 699.—Kundt’s dust figures. 


point C and having a cardboard or metal disc D firmly fixed at the 
end within the tube. The disc must occupy most of the section of 
the tube without touching the walls. Before being put in position, the 
tube must be thoroughly dried by heating, and some lycopodium 
powder spread along its side. On stroking the rod to cause it to 
vibrate, compression waves are emitted by D, which travel down 
the tube and are reflected by B. If the position of the tube is 
adjusted until B and D are in the respective positions of a node 
and an antinode, the air between B and D is set into steady vibration. 
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If the vibration of the air is sufficiently vigorous, the lycopodium 
collects at the antinodes, and at each antinode forms a number of 
parallel ridges. The middle of each set of ridges may be taken as 
the position of the antinode, and in a successful experiment five 
or six antinodes may be found in this way. Their distance apart 
can be measured, and remembering that the distance between con- 
secutive antinodes is half the wave-length in air, while the length 
of the rod is half a wave-length in the rod for the same frequency, . 
Distance between antinodes in air Velocity of sound in air 
Length of rod ~ Velocity of sound in rod. 


If the frequency be found by means of a monochord and standard 
fork, the velocities of sound in both air and rod can both be found. : 


Expr. 160.—vVelocity of sound in air by Kundt’s dust figures. Set up 
the rod and dried tube with lycopodium powder as in Fig. 699. Stroke 
the rod vigorously, and slide the tube little by little parallel to its own 
axis, at the same time tu:ning it a little about its axis, until the dust figures 
are produced. Measure the distance between the extreme antinodes 
obtained, and divide +y the number of spaces, to get the mean half-wave- 
length. Obtain the frequency of the rod by tuning a monochord string 
to it and to a standard fork in turn, and calculate the frequency n as 
on p. 754. 

Then, Velocity of sound in air =n x A. 


Observe the temperature and calculate the velocity of sound at 0° C. 


Velocity of sound in gases other than air.—To determine the 
velocity of sound in a gas other than air, there must be some 
means of admitting the gas to the Kundt’s dust-figure tube so that 
the air is swept out and replaced by the gas. In the case of 
hydrogen, or carbon dioxide, an ordinary Kipp’s apparatus may 
be used, but the gas should first be passed through drying tubes. 
The dust figures may then be obtained as before, and the frequency 
and velocity calculated. It is usual, however, first to obtain the 
dust figures with the tube containing air, and then to replace the air 
by the gas and obtain them again. In this way the ratio of the 
wave-lengths in the gas and in air is obtained, and since the 
frequency is the same in both cases, we have 


Velocity of sound in gas _ Wave-length in gas, 
Velocity of sound in air ~ Wave-length in air 


The correction for temperature may be made as before (p. 694). 
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EXERCISES ON CHAPTER LIX. 


l. A resonance tube, 2 cm. in diameter and containing water, gives 
the loudest note with a fork of frequency 512 when the air column in the 
tube above the water is 15.5 cm. long. Find (a) the wave-length of this 
note, (b) the velocity of sound in air. Sen. Camb. Loc. 


2. Two organ pipes, one open and one closed, are giving the same 
note. What is the ratio of their lengths? What overtones would you 
expect to find present in each case ? 


3. State the effect of temperature and density upon the velocity of 
sound in gases. 
A whistle gives a certain note when sounded, the temperature being 
18° ©. To what must the temperature be raised for it to give a note of 
2 the frequency of that at 18° C. ? L.U. 


4. Describe some method of determining the velocity of sound in air 
by making use of the phenomenon of resonance. 


5. How do the frequencies of the notes emitted by an organ pipe 
depend on the temperature of the air ? 

An organ pipe having been tuned in the morning to give a note ot 
frequency 256 at 15°C. is found in the evening when blown strongly to 
give a note of 516. Find the temperature in the second case, and state 
the type of the organ pipe. — L.U. 


6. Two organ pipes each 3 feet long are sounded on a day when the 
velocity of sound is 1120 feet per second. One is open at both ends and 
the other closed at one end. What are the frequencies of their funda- 
mentals and principal overtones ? 


7. How does a change in temperature alter the pitch of (a) an organ 
pip2, (b) a tuning-fork ? 
Calculate the change of pitch of an open organ pipe 3 feet long when 
the temperature changes from 10° C. to 15° C. L.U. 


8. What change, if any, would take place in pitch and wave-length 
if the air (@) in an organ pipe, (b) around a tuning-fork, were replaced by 
hydrogen? Give reasons in each case. L.U. 


9. Describe an experiment by which it can be shown indirectly that 
sound travels more rapidly in coal-gas than in air. What measurements 
would be necessary to find the ratio of the velocities ? L.U. 


10. An organ pipe emits a fundamental note of frequency 120. By 
blowing it more strongly it can be made to emit a note of frequency 240. 
Is it a closed or an open pipe ? Give reasons for your answer. 


11. How are beats produced ? 

Beats are heard three times per second when two open organ pipes, 
one 2 feet 9 inches in length and the other half an inch longer, are soundea 
together. Find the velocity of sound in the air at the time of the observa 
tion. L.U. 

12. Describe an experimental method of determining the effect of change 
of temperature on the wave-length in air corresponding to a sound of 
given frequency L.U. 
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13. A column of air and a tuning-fork produce 4 beats per second when 
sounding together, the fork giving the lower note and the temperature 
of the air being 15° C. When the temperature has fallen to 10° C. the 
two produce 3 beats per second. Find the frequency of the fork. 

% L.U 


14. Notes sounded by different instruments, although of the same pitch 
and loudness, possess characteristic differences. To what are these 
differences due ? How does the note emitted by an open pipe differ 
from that emitted by a closed pipe ? TU: 


15. State generally the nature of the reflection of sound at the closed and 
open end of a pipe respectively, and give reasons for the difference. 
i Allahakad University. 


16. Explain the nature of beats produced when two tuning forks of 
nearly equal frequencies are sounded together. 

Two open pipes without flange, having both a length of 4 m. and dia- 
meters 12 cm. and 24 cm., respectively, are observed to give a number of 
beats when sounded together. Determine which pipe is to be shortened 
and by how much if they are to be brought into unison. 

Velocity of sound =340 m. per s. and correction=0-5r, when r is the 
radius of cross section of the pipe. Madras University. 


17. Explain the process of reflection of a harmonic wave in air which 
occurs when the wave meets a rigid wall. Show that a compression is 
reflected as a compression, and a rarefaction as a rarefaction. 


18. Contrast the possiblc modes of vibration of air in open and closed 
organ pipes. 

What must be the ratio of the lengths of a closed and an open pipe in 
order that the third overtone of the open pipe shall be in unison with the 
second overtone of the closed pipe ? L.U. 


19. Draw diagrams to illustrate the process ox reflection of an air wave at 
the open end of a pipe. Explain why a compression is reflected as a 
rarefaction, and a rarefaction as a compression. 


20. Describe the motions arising when a tuning-fork scts up a system 
of progressive sound-waves in air; and explain how such motions differ 
in general character from the stationary waves occurring in a resonance 


tube. 


21. Describe the motion of the air in a sounding organ pipe. How would 
you demonstrate the presence of the nodes and antinodes ? 

Why is there a difference between the notes emitted by an open and a 
closed organ pipe of the same fundamental frequency ? L.U.H.Sch. 


22. Explain, and illustrate by appropriate diagrams, the nature of the 
wave motion by which sound is propagated. ; 

The distance between adjacent nodes in a resonance tube resounding to 
a note of a certain frequency is 80 cm. when the air temperature is 17° C. 
What will this distance become when the tube is adjusted to respond to 
the same note, the air temperature having fallen to 7° C.? L.U.H.Sch. 
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THE EAR AND MUSICAL INSTRUMENTS 


The human ear.—The ear being the organ by which we become 
conscious of sound, the following account of the physical nature of 
the ear is given. Three distinct parts of the ear may be recog- 
nised, namely, the external ear, by which the sound-wave is collected, 
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Fie. 700.—Section through the human ear. 


the middle ear, Or tympanum, or drum, in which the vibrations are 
transmitted from the external ear to the internal ear, or labyrinth. 
The relative positions of these may be seen in the diagrammatic 
representation of a section through the ear (Fig. 700). 

E is the concha, or part external to the head, which serves ss 2 
funnel whose narrow end leads to the external auditory meatus M. 
This is closed at its inner end by the tympanic membrane T, some- 
times called the drum of the ear. The drum proper is the cavity 
bounded upon its outer side by the tympanic membrane, and its 
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inner side by bony walls, except at two places O and R, across which 
membranes are stretched. O is called the fenestra ovalis and R 
the fenestra rotunda. The drum is also in communication with 
the upper part of the throat by means of the Eustachian tube Eu, 
which serves to keep the air pressure equal upon the two sides of 
the tympanic membrane. 


The compression waves arriving at the tympanic membrane set 
it in forced vibration, which vibration is transmitted onwards by 
three small bones which articulate with each other. The malleus m 
bears against the tympanic membrane. The incus 7 is moved by 
the malleus and in its turn moves the last of the three, the stapes 
or stirrup S. The base of the stapes rests against a small oval 
membrane, the fenestra ovalis O. This is one of the boundaries 
of the labyrinth, which is a complex set of canals lying within a 
hard bony part of the skuli. It consists essentially of three semi- 
circular canals of which one, Sc, is shown in section, and a spiral 
canal, the cochlea, shown in section at C. The cochlea is divided 
throughout its length by a spiral partition in which the ramifications 
of part of the auditory nerve A end. The canals contain a fluid 
(lymph) which is continuous from the fenestra ovalis, through the 
semicircular canals, up one side of the cochlea and down the other, 
and ends at the smali membrane, the fenestra rotunda r. The 
canals are drawn larger than they really are, for the sake of clearness. 

It will thus be seen that the vibration of the fenestra ovalis starts 
waves which travel through the lymph round this complex path, 
and in doing so cause motion of the bodies in which the ultimate 
ramifications of the auditory nerve are situated, and so give rise 
to the sensation of sound. These nerve endings are situated in 
very complex structures, and the process of audition is not yet fully 
understood. For a further account of the canals and cochlea with 
their nerve distributions, the student must be referred to works on 
anatomy. 


The violin.—The four-stringed instruments, violin, viola, violon- 
cello, and double-bass,’are similar in form, and differ from all other 
musical instruments in that the strings are set in vibration by means 
of a bow. The violin has four strings, g, a, d and e, of which g is a 
thick gut loaded with a close spiral of fine copper wire, the a, d 
and e strings being plain gut of less weight in the case of the higher 
strings. With this arrangement the tensions in the strings are 
much nearer equality than would be the case if the strings were all 
of the same thickness. 
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The tuning is performed by means of the pegs P (Fig. 701), the 
strings passing over the bridge B. The various notes are obtained 
by stopping the strings with the fingers, the string being pressed 
to the finger-board FF at the appropriate place. 

The body of the violin is a sounding box of thin wood, and the vibra- 
tion of the string sets the walls in vibration, chiefly by means of the 
bridge B over which the string passes. The strings are set in vibration 
by bowing at some point between B and F. Owing to the complex 
shape of the body of the violin, the tone produced is not that of a 
string stretched upon a plain board. The vibrations of the walls 
are forced vibrations, since they respond to any note of the string ; 
but they are not entirely forced vibrations, some overtones being pro- 
duced more loudly than others, since the quality of the note depends 
entirely upon the construction of the body of the instrument. Owing 
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Fi@. 701.—The violin. 


to the complexity of the vibration of the body, no rules have been 
evolved for its construction, the maker following the construction 
that he has found by experience to be the best. 


Vibration of a bowed string.—The mode of vibration of a bowed 
string is peculiar, since it is not a simple harmonic motion. The 
vibration is set up by drawing the bow across it, the friction between 
the string and the hairs of the bow causing the vibration. In order 
to increase this friction rosin is rubbed on the bow. When the bow 
and string are at rest with respect to each other, the friction is greater 
than when one is slipping past the other (p. 173). Hence, as the 
bow grips the string in drawing it across, the string is pulled aside 
by friction until the restoring force reaches a certain amount, when 
slipping begins. The string then slips past the bow and executes 
a half vibration. It then begins to move again in the direction 
of the bow, is again gripped and carried forward, and the process 
is repeated. 

The peculiar motion of a bowed string may be demonstrated by 
throwing an image of a small piece of the string upon a screen, 
making use of a revolving mirror. The string AB (Fig. 702) is bowed 
vertically, and opposite a part of it, a screen S with a narrow vertical 
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slot is placed, a strong source of light, such as an arc lamp, being 
placed to the left of it. By means of the lens L an image of this 
slot and a small piece of the string is produced upon the screen SH 


F1. 702.—Demonstration of the mode of vibration of a bowed string. 


The light before reaching the screen falls upon the rotating mirror M, 
similar to that in Fig. 652. If the string is not bowed, the image 
of the string upon the screen is drawn out into a horizontal straight 
line, but when it is bowed this straight line becomies a zig-zag con- 
sisting of straight parts. This shows that the vibration of the 
string is not simple harmonic, ior if it were the image on the screen 
would be a sine curve. 

Wind instruments.—A great variety of musical instruments may 
be classed under the head of ‘ wind instruments.’ In nearly all 
cases, however, the sounding part is a column of air. In the smaller 
instruments, such as the flute, the length of the column is varied 
by having a set of holes along the pipe, which can be opened or 
closed at will, or in brass instruments, such as the trombone, the 
length of the pipe can be varied. In the organ, a set of pipes of 
fixed pitch is provided, and this is consequently an instrument 
with a fixed keyboard, like the pianoforte. There are two typical 
methods of setting the column of air in vibration and these will be 
described separately. 


The flue pipe.—Air enters the pipe at A (Fig. 703) and issues from 
the slot B in a thin sheet or jet which impinges upon the sharp 
blade C. The energy necessary for maintaining the vibration 
of the air column is derived from the air under pressure which 
enters at A 
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In order to understand how the column can be maintained m 
steady vibration by such a jet of air, consider that as the air rushes 
into the end of the pipe at B to produce a compression, it drives the 
jet of air coming from A iawards, and since the jet now enters the 

pipe it increases the compression in it. When the air is 
leaving the pipe at B during the production of a rarefaction, 
the jet is driven outwards, and so, by the hydrodynamical 
principle given on p. 288, tends to increase the rarefaction 
of the pipe. It is thus obvious that the jet can maintain 
the vibration in the pipe and also that the end at which the 
jet is applied must be considered as an open end of the pipe. 
The method by which the jet starts the vibration, or 
causes the pipe to ‘speak,’ is not so clear. However, 
some want of symmetry in the direction of the jet, or 
other accidental circumstance, will cause the jet to be 
directed either slightly inwards or outwards, and will 
start a feeble compression or rarefaction which will travel 
up the pipe and be reflected at the other end. It has 
been seen above that if the vibration be once started, the 
energy of the jet tends to increase it, until as much energy 
is supplied by the jet in a given time as is lost by the 
radiation of the air waves from the pipe. 
Pre ve. , Reed pipes.—A reed consists of a flexible strip (of metal, 
in the case of an organ pipe) which wholly or nearly covers 
the aperture through which the air passes to the pipe. If the reed 
completely covers the aperture it is called a beating or striking reed 
(Fig. 704) A, but if it nearly, but not quite, closes it, it is called a 
free reed B. 

The beating reed is always curved 
outwards, so that as the air pressure 
closes it, the closing does not take 
place suddenly, but is effected 
gradually from the fixed to the 
free end. This is necessary, as 
the note produced is very harsh 
if the reed closes the aperture 
throughout its whole length at the 
same instant. 

On admitting air to the chamber A (Fig. 705) some of it passes 
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‘round the edges of the reed before it closes, causing a compression 


to start, which travels up the pipe and is reflected at the open end. 
This returns as a rarefaction (p. 747), and as it arrives at the lower 
end, the difference of air pressure inside and outside of the tube 
still keeps the reed closed. The rarefaction at this end is reflected 
as a rarefaction, travels to the top and then comes down the pipe 
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as a compression. When this arrives at the reed, the equalisation 
of the pressure on the two sides allows the elasticity of the reed to 
open the aperture and admit more air, and the process is repeated. 
After the first few oscillations, the state of vibration becomes steady. 
Since at the reed a rarefaction is reflected as a 
rarefaction and a compression as a compression, 
the beating reed behaves as a closed end of the pipe. 
In the case of the free reed, the action is not so 
clear, but as it vibrates it alternately opens and 
closes the aperture, allowing the air to enter inter- 
mittently. Free reeds are not now used for 
organ pipes. They are used, however, in the 
harmonium and American organ ; in these instru- 
ments there is no pipe attached, the note emitted 
depending only upon the interruption of the 
stream of air by the reed. In the case of the 
organ, the vibration of the air column and the reed 
react on each other, the resulting note being 
determined by them both. 

A free reed is shown in Fig. 706 in which it is 
seen that air is only admitted in quantity as the 
reed moves outwards, although a small amount 
can pass through the small space between the 
reed and the hole. This is the type of reed used 
in the harmonium. 3 

Tuning of pipes and reeds.—Closed pipes are 
usually stopped by a plunger at the upper end, 
which, being slightly raised or lowered, alters the Fra. 705.—Reed pipe. 
effective length of the aircolumn. Open pipes are 
sometimes provided with a flexible metal flap at the upper end, which 
on being pressed over the end, slightly flattens the note. Sometimes 
holes are provided near the end, which can be more or less opened 
or closed by means of flaps or slides. If the pipe is a metal tube, 
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Fig. 706.—Free reed. 


the end may be somewhat splayed out to sharpen the note, or bent 
in to flatten it. Both open and closed pipes, when of the flue type, 
are frequently provided with metal rings on either side of the lower 
aperture, which can be bent inwards to flatten the note, or outwards 
to sharpen it. 

In the case of reed pipes, the reed is tuned by means of a wire W 
(Fig. 705) which can be pushed further down to restrict the motion 
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of the reed, so that its effective length becomes shorter and its 
frequency thereby increased. In the case of a free reed, the wire 
must grip both sides of the reed by being bent round it. The free 
reed in Fig. 706 is tuned by carefully scraping away metal. If it 
is desired to sharpen the note, metal is scraped from the tip of the 
reed, so that its moment of inertia becomes less and the frequency 
therefore increased (p. 737). In order to flatten the note, metal 
is scraped from the base of the reed, so that its elastic stiffness is 
diminished. This lowers the frequency. 

The phonograph.—It has been seen that a body subject to a har- 
monic force executes forced vibrations which are an accurate copy 
of the applied vibration, when the 
natural frequency of the body is 
great compared with that of the 
applied vibration (p. 715). This is 
made use of when air vibrations 
are to be transmitted to some 
mechanical appliance. The air 
waves fall upon a thin circular 
diaphragm whose natural vibration 
frequency must be high, and the 
diaphragm is thus set in vibration 
with a frequency equal to that of 
the air waves. This method is 
used in the case of the tympanic 
membrane of the ear (p. 758), in the telephone, and also in the 
phonograph. In the phonograph, the back of the diaphragm is 
provided with a cutting tool, which cuts a trace in a wax cylinder 
rotating underneath it. Thus the varying depth of the cut in the 
wax corresponds to the motion of the diaphragm. On replacing 
the cutting tool by a rounded point and causing this to bear upon 
the cylinder as it is rotated, the diaphragm is caused to repeat its 
original motion, and in doing so sets the air in the bell-shaped 
horn H (Fig. 707) in vibration in a manner similar to the original 
sound waves, which are thus reproduced. In the original phono- 
graph of Edison, tinfoil was used instead of wax, but the latter soon 
superseded the tinfoil. 

The phonograph has undergone considerable evolution in details 
but not in essentials. Thus, in the original form the cylinder was 
driven by hand, or by an electro-motor. It is now almost always 


Fi@. 707.—The phonograph. 
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driven by clockwork. Then, too, there is an arrangement for feeding 
the cutting point, or the reproducer, forward, so that the trace cut in 
the wax is in the form of a helix running from one end of the cylinder 
to the other. In the latest types, the cylinder is replaced by a disc, 
so that the trace is a spiral, running from near the centre to the 
circumference. In the gramophone the tool makes a wavy lateral 
trace in the wax, which is followed by a steel point in the reproducer. 


EXERCISES ON CHAPTER LX. 


1. Give a short account of the principal parts of the ear by means of 
which external sound waves are transmitted to the labyrinth. 


2. Explain why a bow drawn with uniform velocity across a stretched 
string maintains the string in vibration. If the bow were greased would 
the string vibrate ? Give reason. 


3. Give two methods by which the air in an organ pipe is maintained 
in vibration. 


4, Explain why the lower end of a flue pipe is an antinode and the 
lower end of a reed pipe is a node. 


5. Describe briefly how (a) organ pipes, (b) metal reeds, may be tuned. 


6. Describe how sound: are reproduced in the phonograph, or gramo- 
phone. 
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Í TRIGONOMETRICAL TABLE, 


Angle, | Radians. | Sine. Tangent. | Cotangent. | Cosine. 


0 0 0 Ws 1:5708 
‘0175 572900 1:5533 
0349 28°6363 z 1:5359 
*0524 19°0811 1°5184 
0698 14°3006 1:5010 
*0873 11:4301 % 1:4835 
*1047 9°5144 1°4661 

8°1443 1°4486 

7:1154 14312 

*1571 6°3138 1°4137 
1736 5°6713 1:3963 

*1908 51446 5 1°3788 

*2094 *2079 4:7046 s 1:3614 
*2269 *2250 4°3315 1°3439 
_ 12443 2419 4:0108 1°3265 
*2618 *2588 3°7321 1:3090 
*2793 °2756 3:4874 1°2915 
*2967 2924 3°2709 1°2741 
*3142 “3090 8:0777 1°2566 
*3316 *3256 2°9042 1°2392 
*3420 27475 12217 

2:6051 1:2043 

3840 *3746 2°4751 _ 1°1868 
“4014 *3907 2°3559 1°1694 
*4189 °4067 2°2460 1°1519 
4363 4663 2°1445 1:1345 
"4538 *4877 2:0503 11170 
*4540 "5095 1:9626 f 1:0996 

*4695 5317 1:8807 1:0821 

*4848 "5543 1:8040 1:0647 

*5000 ‘5774 1°7321 1:0472 

*5150° “6009 1°6643 1:0297 

*5299 *6249 1:6003 1:0123 

5446 6494 1 5399 9948 

5592 6745 1:4826 *9774 

5736 7002 1°4281 “9599 

‘5878 "7265 1°3764 s "9425 

*6018 *7536 1:3270 "9250 

6157 *7813 1°2799 ; *9076 

6293 8098 1:2349 > “8901 

*6428 *8391 1:1918 8727 

6561 "8693 1:1504 "8552 

6691 “9004 1:1106 ‘8378 

*6820 9325 1°0724 8203 

6947 9657 1:0355 *8029 

“7071 1:0000 1:0000 “7854 
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ANSWERS 


PART II. HEAT 


CHAPTER XXIII. p. 322. 


. (a) 284° F.; (b) 23° F.; (c) —459-4° F. 
. (a) 37-78° C. ; (b) —12-22°C.; (c) —51-11° C. 


-40° C. = — 40° F. woe EE 12. -1-6° F. 


. Either the Centigrade thermometer should read 43-33°, or the Fahrenheit 


thermometer should read 113°. 


CHAPTER XXIV. p. 331. 


. 1-963 inches. ge Ora TO.. 4, 0-01397 inch. 
. 188-9 cm. 6. 12-0099 sq. feet. 
. True length, 2,000 feet ; recorded length, 2000-119 feet ; error, +0-119 foot. ` 
. 40:087 cm. l 
. 42,057 lb. wt. (this is probably in excess of the elastic limit, see p. 155). 
. 41,980 lb. wt. (see note to Answer 11). 13. 0-3305 cubic inch. 
. 12 sec. loss. 16. 7:257 x 10° dynes. 
A 
CHAPTER XXV. p. 341. 
. 8-403 grams per c.c. 2. 0-00000936. 8. 7:78 grams per ¢.c. 
. 002118 c.c. 5. 0:00000667. 7. 76-062 cm. 
. 2-624 c.c: 9. 0-000006. ; 10. 0:0000489. 
. 389,600 cub. feet ; 39,600 cub. feet. 15. 18-02 cm. 
. 0-000025. 17. 0-00018. 18. 74-94° Ç, 
. 0-000196. 20. 0-004 cm. rise. 
CHAPTER XXVI. p. 350. 
. 2,545 Ib.-deg.-Fah. units ; 641,390 calories. 
. 432-2 lb.-deg.-Cent. units ; 196,060 calories. 
1-504 lb.-deg.-Cent. units ; 0-0376 pound. 
. 1,752,000 Ib.-deg.-Cent. units. 
41-4° C. 6. 0-0991. 7. 390°7° C. 
. 0:4933. 9. 0-6 nearly. 12. 30°55° C: 


936 : 837. 14. 0-601. 16. 22-52° C.; 378 sec. 
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CHAPTER XXVII. p. 364. 
1. 1,980,000 foot-lb.; 1,414 Ib.-deg.-Cent.; 2,545 lb.-deg.-Fah.; 641,400 


calories. 
8. 60-6 minutes. 4. 748-4 lb.-deg.-Cent. 8. 4-46 per cent. 
11. Heat per penny, in lb.-deg.-Cent.: Coal, 67,880; petrol, 3,285; lighting 
' gas, 8,3 
12. 19,320 lb.-deg.-Cent. 16. 41-5 x 10° ergs. 


17. 6,728 lb.-deg.-Cent. per pound. 18. 10,920 lb.-deg.-Cent. per pound. 


CHAPTER XXVIII. p. 378. 


7. 40:32 x 10° calories per hour. 8. 262-1 x 10° calories per hour. 
9. 104-92° C. 13. 411,500 calories per hour. 
16. Temperature of faces in contact, 72° C.; 6-667; 15-24. 

18. 53 min. 19. 50-6° C. ; 81-6 x 10° calories. 


* CHAPTER XXIX. p. 388 
15. 0:7264. 18. 9°67 x 105 calories. . 


CHAPTER XXX. p. 399. 


2. 1,011 grams wt./sq. cm. 3. 1,764 lb. wt./sq. inch. 

6. 76-025 cm. ; 1-00035. 7. 29-39 inches of mercury. 
10. 75, 50, 37-5, 30, 25, all in lb. wt./sq. inch. 

18. 24:87 metres. 15. -27:72 c.c. 16. 57-98 cm. 
17. 7-197 1b 18. 8 ft. 19. 29-69 inches. 


CHAPTER XXXI. p. 416. 


1. 266-3° absolute (Cent.). 2. 441-8 cubic feet. 8. 530-6° C. 

6. 96-08 ; 1,387. Te 287X 10% 8. 947-8° ©. 

9. 47-45 litres. 11. 122-3° C. 12. 41-45 x 108. 
18. 3-512 grams. 14. 578-4 lb. wt. 16. 0-00128 grams/c.c. 
17. 6-93 tons wt. 18. 308-6 cm. of mercury. 
19. 28-1° ©. 20. 0:9931. 


CHAPTER XXXII. p. 426. 
7. (a) 2,117 foot-lb. ; (b) 26,460 foot-Ib. 
8. 10:75 sq. cm.; 5,376 cm.-kilograms. 
9. 33,210 lb.-deg.-Cent. 10. 9,617 lb.-deg.-Cent. 
11. 1-69 x 10° calories. 12. 41-6 x 10° ergs. 
18. 2-418: 1-407. 16. 40:8 x 10° ergs. 
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CHAPTER XXXIII. p. 440. 


4. (a) 22:5; (b) 12-91; (c) 17-05; all in lb. wt./sq. in. 5. —93-5° C. 

7. 500 cubic inches. 8. 100 cubic feet. 9. 55 cm. of mercury. 
10. 360 cubic inches. 14. 1-547 lb. wt./sq. inch; 8. 
15. 0-00203 mm. 16. 0-65 inch. 17. — 90:7° C.; 238-9 mm. 
18. | 

| v, litres- 1 2 4 6 8 10 
| Temp.,C. -| 0° 218-4° | 491-4° | 546° | 382-2° 0° 
19. 70. 20. 7 mm. of mercury. 
CHAPTER XXXIV. p. 456. e 

6. 3° C. nearly. 7. 219,500 lb.-deg.-Cent. 
10. 307 x 10° foot-lb. ; 155 H.P. 11. Yes; 039° C. 
12. 2,566 calories. 15. 81°13 calories. 
18. 25-1 lb.-deg.-Cent. ; 30-3 cubic feet. 
20. 35-45 cm. of mercury. 24. (a) 0-917; (b) 0-8903. 
25. 0-515. 26. 0:0753. 
28. Oil, 40 gm. ; water, 12 gm. 29. 1/258-9 : 1/278. 

CHAPTER XXXV. p. 470. 

1. 54-85 cm. of mercury. 

2. Pressure of the aqueous vapour is 11-8 lb. wt./sq. inch. 

3. 226 c.c. 4, 32-5. 6. 22-5. 

9. 646-3 lb.-deg.-Cent. 10. 17-9 lb. wt. 11. 45-5 c.c. 
13. 29-9 grams. 17. 65-5 cm. 18. 68:1° C. 
19. 0-209. 21. 539-2 calories. 22. 0-000503. 


CHAPTER XXXVI. p. 480. 


. 7°81; 19-2 minutes. 4. 10:05° C.; 0-597. 
. 0-603. 7. 48-2 per cent. ; 6:8° ©. 
. 94° C. 11. 8-923 grams; 0:5. 14. 0-381. 


CHAPTER XXXVII. p. 492. 


. 45-15 calories ; 453-8 calories. 14. 8-93 lb.-deg.-Cent. 
. 0-00776 grams/c.c. ; 7:76/872. 


CHAPTER XXXVIII. p. 500. 


. 20-28 per cent. 6. 22-07 per cent. ; 15,450,000 foot-Ib. 
D.S.P. IL.-IV. 3D 
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CHAPTER XXXIX. p. 518. 


3, 73-3 per cent. 4. 10-23 per cent. 
7. 15-9 per cent. ; 21-7 per cent. 12. 473 H.P. 

18. 4-8 B.H.P.; 5°71 1.H.P.; 0-91 H.P. 

16. 2:78° C. per cm. ; 0-268. 


CHAPTER XL. p. 531. 


3. 6-64. 4, 5-39. 5. 21-3 per cent. 
11. 14-82 per cent. 12. 169-5. 18. 133 tons. 


PART III. LIGHT 


CHAPTER XLI. p. 542. 
4, Annular. 5. 2:6 inches. 6. 3:33 cm.; 10-67 cm. 8. 5-6 cm. 


CHAPTER XLII. p. 550. 


4, Electricity costs twice as much as gas. 5. 1920 candle-power. 
6. 58-6 em. from the 32 c.p. lamp. 
7. At 1-414 feet’on other side of screen. 
8. 81 candle-power. 9. 2 feet. 10. 11-42 per cent. 
11. 164 candle-power. 


CHAPTER XLIII. p. 560. 


‘in 
4, 2 ft.10in. S 6. 60°. 2 foe 

12. A =nr — 2(t, +7, +7, + etc.). 

18. Two mirrors including an angle of 70°. 14, 270°. 


CHAPTER XLIV. p. 571. — 


2. 79:4 cm. 5. +51:4 cm. ; 4-28 cm. inverted. 
7. (a) +100 cm.; 10 cm. diam., inverted; (b) -60 cm.; 10 cm. diam., 
upright. 


8. 2-5 cm., inverted; +22-5 cm. 

9. Distance of rod, +45 cm.; distance of image, +22-5 cm., inverted. 
10. (a) +27cm.; (b) +13:5 cm. 
11. +5-33 inches ; 0-667 inch. 18. +11-11 cm. 
14. Final image 6 cm. behind convex mirror, 6 cm. long, and inverted. 


15. Image formed by one reflection 14 cm., and by two reflections 38 cm. 
behind plane mirror ; r=70 cm. 


16. 515-7 cm. 17. —46-67 cm. 


ooy 


15. 
16. 


7. 
14. 


ANSWERS 775 


CHAPTER XLV. p. 585. 


«128? Ee 4. 4-5 feet nearly. 8. 1-467. 
. y= 19° 1 yea 40-5 E= 64°. 11. 38° 41’ 13. 1-667 cm. 


CHAPTER XLVI. p. 600D. 


. 2-8 inches, inverted, at — 11-9 inches from lens. 
. +24 cm. from lens. 4. 23-7 cm., or 126-2 cm. from source. 
. On axis, on side of lens opposite to object, pointing away from lens ; 3-33 cm. 


long; head -20 cm. from lens. 


. Distance of object from nearer lens must be greater than 2f or yo than 3f/2. 


4 cm. ; 4 cm., inverted. 


e E 6 inches; -—3 or —1:5 inches. 9. —20 cm. 

. v= —28 cm. beyond second lens ; image real, inverted, and 3-2 cm. high. 

. —60 cm. 12. Infinity ; infinity. 

. Image inverted and virtual, twice size of object; +6 inches from the 


6 inch lens. 


. At 5-68 cm. from surface of sphere, on radius through object. 
. Image virtual; object +5 cm. from lens. 
. Virtual image, erect; object at +2-667 inches from ens ; real image, 


inverted ; object at +5-33 inches from lens. 
—-10cm.; -6-667 cm. 18. 1-499. 19. 7:°5cm.; 1 cm. 


CHAPTER XLVII. p. 620. 


. +8-18 inches’focal length. 5. 2. 


— 22-15 inches focal length. 8. +100 cm. focal length; 8-7 cm. 


. +1:067 cm.; 89. 10. — 9:6 inches. 
11. 


+375 cm.; 4. 13. 6. 14. Lenses 20 cm. apart; 4. 
(i) 15; 32 inches; (ii) 17-5; 31-71 inches. 
-11-6 inches focal length. 17. — 33-33 cm. focal length. 


CHAPTER XLVIII. p. 634. 
21%, 8. D=(m-l)as -° 13. +160:7 cm. ; -140-5 cm. 
o; 111-4 cm. ; 111-4 cm. ; 64:37 cm. 21. 0:43 cm. 


CHAPTER L. p. 654. 
65-19% 


CHAPTER LI. p. 660. 


2. 201600 miles/sec. 6. 8-333 revs. /sec. 7. 4:63 revs./sec. 


D.S.P. IL.-IV. 3Dp2 i 
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PART IV. SOUND 


CHAPTER LII. p. 668. 


. 365°3. 

CHAPTER LIII. p. 677. 
. 880. 8. 59944 before loading. 599,% after loading. 
. 2:75 x 10° ergs. 


CHAPTER LIV. p. 687. 


440. 4. 238-1; 1428cm. 7. 18330; 36-7; 8-97. 
CHAPTER LV. p. 704. 
. 4495 ft. and 3-75 feet per sec. . 4. (a) No; (b) yes. 
. 2240 ft. 6. n, : ny =(V +v): (V =»). 8. 4-98. 
. 517 ft. 10. 50 miles per hr. 12. 34,240 cm. per sec. 
CHAPTER LVI. p. 717. 
. (1) 25 (2) 4. 10. 1037. 
256, lst diff.; 1280 Ist sum.; 1536 and 1024 self-comb. 
260. = Ad OE 
CHAPTER LVIII. p. 741. 
. 23-26. 5. 2:3. 6. 1: 293. 
. Tension, 25:4; length, 2: 5. 8. 3-52 per sec. 9. 1-308 gram. 
. 42:2. 18. 1:9. 14. 5 kilos. wt. 16. 49-5. 17. 37-1 cm. from one end. 


CHAPTER LIX. p. 756. 


. 64-4 cm. and 329-8 metres per sec. 


Be ky 3. 95:3° C. 5. 19-4° C. open pipe. 


. 186-7, 373-3, 560, 746-7 open pipe ; 93:3, 280, 466-7, 653-3 closed pipe. 
. 1-009. 10. Open. 11. 1105-5 ft. per sec. 


« LO: 16. Wide pipe to be shortened by 6 cm. 18. 5:8, 
. 78-6 cm. 
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Absolute, scales of temperature, 401, 
497. 
zero, 402, 403, 498. 
Absorption of heat, 386. 
Achromatic, prism, 631. 
lens, 632. 
Actinic rays, 637. 
Adiabatic, correction for velocity of 
sound, 692. 
expansion, 428, 429, 484, 495. 
Air, compressors, 436-440. 
Density of, 412-414. 
Liquefaction of, 487. 
Air pump, Gaede’ s molecular, aoe 
435. 


Mercurial, 433.,. 

Piston, 431.. $ 
Air receivers, Charging of 438-440. 
Air-ships, Buoyancy of, 415, 416. 
Air thermometer, 408-410. 
Amplitude of vibration, 664. 
Annallatic telescope, 613. 

Annular eclipse, 540. 

Antinodes, 730, 746. 

Aplanatic surface, 590. 

Apparent thickness of transparent 
body, 577. 

Artificial horizon, 559. 

Astigmatism, 609. 

Astronomical telescope, 612. 

Athermancy, 386. 

Atmosphere, Density at different 
heights, 413. 

State of, 473-479. 

Atmospheric, circulation, 377. 

refraction and sound, 701. 
Audibility, Limits of, 672. 
Avagadro’s law, 421. 


Balloons, 415. 

Barograph, 392. 

Barometer, 390-394 
Aneroid, 392. 


Barometer, Errors in standard mer- 
cury, 393, 394. Fortin’s, 391. 


| Beats, 711B. 


Beat tones, 712. ` 

Becquerel’s phosphoroscope, 645. 

Bel, The, 6724. 

Bells, 740. 

Beam of light, 538. 

Binoculars, Prism, 615. 

Boiler, Lancashire steam, 516-518. 
Water-tube steam, 502. 

Boiling point, 315, 316, 454-456. 

Boiling with bumping, 454. 

Bourdon pressure gauge, 395. 

Bowed string, Vibration of, 760. 

Boyle’s law, 396-399. 

Boyle’s law, Graph for, 398. 

Bradley (velocity of light), 657. 

Brake horse-power, 513. 

Breezes, 377. 

Brightness, Sensation of, 544. 

Bunsen ice calorimeter, 448. 


Callendar’s machine for J, 355-359. 
Calorie, 344. 
Calorimeter, Bomb, 363. 
Boys, 363. 
Bunsen ice, 448. 
Darling, 361. 
Joly’s steam, 468-470. 
Calorimeters, 345, 354, 355, 361-364, 
448, 468-470. 
Calorimetry, 343-350, 361-364. 
Camera, Photographic, 603. 
Pin-hole, 540. 
Candle, Foot-, 549. 
Candle-metre, 550. 
Candle-power, 548. ` 
International, 549. 
Capacity for heat, 345. 
Carburettor, 529. 
Jarnot’s cycle, 494-497. 
Carnot’s engine, Efficiency of, 496, 498. 
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Caustic, 562. 
Centigrade scale, 315. 
Centrifugal governors, 506. 
Charles’s law, 401, 402-403, 407-408. 
Cheshire’s disc, 749. 
Chladni’s figures, 739. 
Chromatic dispersion, 632. 
Chromosphere, 644. 
Chronograph, 667. 
Chronometer balance wheel, 329. 
Closed pipe, 745. 
Clouds, 474. 
Coal, 360. r / 
Heating value of, 361. 
Cold, Production of, 440, 447, 468, 
486-491. 
Collection of gases over water, 460. 
Collimator, 625. 
Colour, 636. 
Colour-blindness, 639. 
Colour photographs, 641, 642. 
Colour vision, Theory of, 638. 
Coloured light, Wave-lengths of, 637, 
648. 
Colours, Complementary, 639, 640 
of bodies, 637. 
Colour-top, 641. 
Combination tones, 712. 
Combustion, 359, 361. 
of carbon, 361. 
of hydrogen, 361. 
Complementary colours, 639. 
Compounding of vibrations, 673. 
Compression curve for sound wave, 
686. 
Concord and discord, 720-722. 
Condensation of vapours, 449, 460, 
467, 474, 484, 485-488, 504, 509. 
Condenser, Jet, for steam, 509. 
Surface, for steam, 504. 
Conduction of heat, 367-375. 
through plates, 374-375. 
Conductivity, Coefficient of thermal, 
370, ST 
Comparative thermal, 372. 
of liquids, Thermal, 373. 
Coefficient of thermal, 370. 
Conical pipes, 751. 
Conjugate foci, 570. 
Constant deviation reflector, 619. 
Convection, 367, 368, 375-378. 
in gases, 368. 
in liquids, 367. 
Conventions of signs, Optical, 567, 600. 
Cooling correction, 357-359. 
Cooling experiments, 445. 


| Cooling, Newton’s law of, 348. 


—— a 


Cornu (velocity of light), 658. 

Critical, angle, 580. 
pressure, 485. 
temperature, 484. 

Crova’s disc, 684. 

Cycle, Beau-de-Rochas, 521. 
Carnot, 494. 
Four-stroke, 521, 522. 
of operations, 484. 
Rankine, 507. 
Reversible, 496. 
Steam engine, 502, 507. 
Two-stroke, 521, 530. 


Dalton’s law, 459. 
Davy’s ice-rubbing experiment, 352. 
Decibel, The, 6724. 
Defects of vision, 607. 
Density altered by expansion, 333. 
of air, 412. of gases, 411. 
of vapours, 461-465. 
of water, Maximum, 338. 
Deviation, by prism, 623. 
by reflection, 624. 
by plane mirrors, 558: 
Dew point, 475, 476-478. 
Dewar’s flask, 386. 
Diaphragm of camera, 603. 
Diathermancy, 386-388. 
Diatonic scale, 719. 
Difference tones, 712. 
Dioptre, 600. 
Direct-vision spectroscope, 631. 
Discord and concord, 720-722. 
Dispersive power, 630. 
Dispersion, 628. 
Chromatic, 632. 
Displacement curve for wave motion, 
685. 
Divided tube, Interference by, 709. 
Doppler effect, 702-704. 
Dowson gas, 361. 
Dropping plate, 665, 666. 


Ear, The human, 758. 

Ebullition, 454. 

Echoes, 699, 7114. 

Eclipses, 540. 

Efficiency of engines, Mechanical, 514. 
Thermal, 494, 506. 
of T combustion engines, 524, 

527. 
Electrically driven tuning-fork, 787. 
Emissivity, Thermal, 385. 


] End correction of pipe, 750. 
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Energy, of gases, Internal, 422. 
of vapour, Internal, 482, 483. 
of vibration, 671, 672. 

Engines, Action in steam, 505. 
Compound steam, 508. 

Gas, 522-524. 

Heat, 494-499. 

Hot air, 499. 

Internal combustion, 521-531. 

Oil, 524-531. 

Petrol, 528-531. 

Steam, 502-516. 

Waste in steam, 507. 

Work done in steam, 509, 510. 
Erecting prism, 583, 605. 
Evaporation, from free surfaces, 473. 

in closed vessel, 449, 482. 

of snow and ice, 474. 
Exchanges, Theory of, 369. 
Expansion, and compression of va- 

pours, 483. 

Coefficient of absolute, 334. 

Coefficient of apparent, 334. 

Coefficient of cubical, 326. 

Coefficient of linear, 325. 

Coefficient of superficial, 326. 

of gases, 396-399, 401-411, 423-426, 

429. 

of gases, Laws of, 430. 

of liquids, 334-338. 

of mercury, Absolute, 336. 

of metal rods, 326. - 

of pipes and rails, 324, 329. 

of solids, 324. 

of vessel, 333. 

of water, 314. 

of water while freezing, 340. 

Work done during, 423, 484. 
Eye, The human, 605-609. 
Eyepiece, 610, 612. 


Fahrenheit scale, 315. 

Far point, 607. 

Field lens, 610. 

Fizeau (velocity of light), 657. 

Flue pipe, 761. 

Fluoreseence, 644. 

Focal length, of concave mirrors, 569. 
of mirrors, 564. 

Foci, Conjugate, 570. 

Focus, of a lens, Principal, 587. 
Principal, 562. 
Virtual, 566. 

Forced vibration, 714. 

Foucault (velocity of light), 659. 

Fraunhofer lines, 644. 


Free expansion of a gas, 422. 
Freezing, by evaporation, 468. 
machines (see Refrigerators). 
mixtures, 447. 
point, 315, 316. 
point, Lowering of, 444. 
points of solutions, 447. 
Frequency, 664. 
by chronograph, 667. 
by dropping plate, 665, 666. 
by stroboscope, 738. 
of stretched strings, 734, 735. 
Friction in bowing a string, 760. 
Fuels, Solid, liquid and gaseous, 359. 
364. 
Fundamental note, 673.. 
Fusion, 443. 


Galilean telescope, 615. 
Galton’s whistle, 709. 
Gas, 390, 485. 

Density of a, 411. 

Perfect, 396. 

Pressure of a, 390, 419. 
Gas thermometer scale, 402. 
Gases, Characteristic equation of, 406. . 

Coefficient of increase of pressure of, 


Internal energy of, 422. 
Kinetic theory of, 419-421. 
Liquefaction of, 486-488. 
over water, Collection of, 460. 
Practical expansion and compres- 
sion of, 428-431. 

Pressure of mixtures of, 410. 
Properties of, 390-416. 
Relation of p, T, in, 406. 
Relation of p, v, in, 396. 
Relation of p, v, T, in, 405. 
Specific heat of, 424-426. 

Glass, Expansion of, 333. 

Goniometer, 627. 

Gramophone, 765. 

Gridiron pendulum, 328. 


Harmonie motion, Simple, 664, 673. 
Heat, a form of energy, 343, 352. 
capacity, 345. 
engines, 494-499. 
engines, Efficiency of, 494, 498. 
flow in bare bar, 371. 
fiow in insulated bar, 370. 
insulators, 373. 
Mechanical equivalent of, 353-359, 
426. 


Natural sources of, 359-361. 
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Heat, Nature of, 352. 
Quantity of, 343. 
Specific, 344. 
Transference of, 346, 367, 380. 


transmission across a vacuum, 380. 


Units of, 344. 
Heating, of buildings, 376. 
value, 360, 361-364. 
Helmholtz’s, bell-mouthed pipe, 751. 
dissonance curve, 722. 
Hoar-frost, 474. 
Hope’s experiment, 338. 
Horizon, Artificial, 559. 
Horse-power, Brake, 513. 
Indicated, 510. 
of internal combustion ys anei 531. 
of steam engine, 509-515. 
Hot-water supply, 375. 
Humidity, Relative, 475, 476. 
Hygrometer, Chemical, 478. 
Daniell’s, 477. 
Regnault’s, 476. 
Hygrometric state, 473. 
effect on sound, 689. 
Hygrometry, 473, 476-479. - 
Hypermetropia, 608. `- 
Hypsometer; 317. — ~ 
Ice calorimeter, Bunsen’s; 448: 
Ice, Contraction of melting,’ 340, “444, 
448. 
Density of, 340. 
Specific heat. of, 345. 
Illumination, 544. 
Practical, 549. 
Standards of, 548, 549. 
Illuminating power, 545. 
Image, Acoustical, 698. 
and object, Size of, 569, 595. 
formed by mirrors, Point, 565-567. 
formed by refraction, 588-596. 
Virtual, 567, 594, 596. ~ 
Images, 553-557, 565-567, 588-596. 
in mirrors, not points, 568. 
Immersion objective, 611. 
Impact of gaseous molecules, 419. 
Index of refraction of liquid, 598. - 
Indicated-horse-power, 5103.’ 
Indicator, The, 511- 513, 
Insulators, Heat, 373. nF 
Interference, in divided tuba, 708. 
of sound waves, 706. 
Internal energy, of gases, 422. 
of vapours, 482. 
Inverse square law, for light, 544. 
for sound, 696. 


Inverse square law, Thermal radia- 
tions, 384. 

Isochromatic plates, 646. 

Isothermal, curves, 399, 403, 459, 485. 
expansion, 428, 429. 
lines of a gas, 403. 

Isothermals, for vapour and gas, 459. 
for carbon dioxide, 485. 


Joly’s steam calorimeter, 468-470. 

Joule’s, experiment on gases, 422. 
water-stirring experiment, 352-355. 

Jupiter, Eclipses of satellite of, 656. 


Kelvin’s absolute scale, 497. 
Keynote, : 722. 

Kinemacolor, 641. 

Kinetic energy of gases, 419. - 
Kundt’s dust figures, 754. 


Lambert, The, 549. 
Lantern, Projection, 604. 
Latent heat, of fusion, 446, 447. 
of vaporisation, 466-468. 
Least distance of distinct vision, 608. 
Lens, Achromatic, 632-634. - - 
Annällatic, 613. ; 
Focal length of og; 592, 597. 
Focal length of diverging, 599. 
Optical centre of, 593. 
Radii of curvature of faces of, 597. 
Lenses, 587-600. 
Classification of, 588. 
Conjugate positions in, 596. 
for photographie cameras, 603, 604. 
in contact, Thin, 598, 599. 
Point object and i image in, 591, 592. 
Refraction by, 591, 592 
Size of image in, 594-596, 
Sound, 700. 
Leslie’s cube, 384. 
Light, Law of inverse squares, 544. 
Velocity of, 656. 
Linde’s machine, 487. 
Liquefaction of gases, 485, 486-488. 
Liquid, Index of refraction of, 598. 
Lissajous figures, 675-677. 
Longitudinal, waves, 680, 682. 
vibration of rods, 753. - 
Long-sight, 608. 
Loudness, 671. 
Lumen, The, 549. 


Magnification, 605. 
Magnifying power, 
609, 610. 
of telescope, 616. 


of microscope, 
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Manometric, flame, 707. 
flames applied to pipes, 749. 

Mechanical equivalentof heat, 353, 426. 

Melde’s experiment, 735. 

Melting point, 443-446. 

Method of mixture, 346. 

Michelson (velocity of light), 660. 

Microscope, Compound, 610, 611. 
u by means of, 578. 

Simple, 609. 

Minimum deviation, 623. 
Determination of, 627. 

Mirror, for reflecting sound, 698. 
Image in plane, 553. 
Parabolic, 563. 

Plane, 552, 553-555. 
Plate-glass, 557. 

Reflection by plane, 554. 
Rotating, 557, 659, 708, 760. 

Mirrors, 552-571. 

Convention of signs in, 567. 

Inclined, 555. 

Parallel, 556. 

Spherical, 562-571. 
Mist, cloud, dew, 473, 474. ' 
Molecular motion, in gases, 353, 390, 

419, 449, 

in liquids, 353, 443. 

in solids, 352, 443. 

Mond gas, 361. 

Monochord, 733. 

Monsoons, 378. 

Musical, instruments, 759. 
intervals and scales, 719. 

Myopia, 607. 


Near point, 608. 

Newton’s law of cooling, 348. 

Nicol’s prism, 649. 

Nodes, 730, 746. 

Noise, 672. 

Objective, 610, 612. 
Immersion, 611. 

Oil engine, Diesel, 526. 
Hornsby, 524. : 
Semi-Diesel, 527. 

Opacity, 541. 

Open pipe, 746, 748. 

Opera-glass, 615. 

Optical, bench, 597. / 
disc, 553, 576. 
instruments, 603-620. 

Organ pipe, 663, 761-764. 

Ortho-chromatic plates, 646. 

Overtones, 673. 

Oxygen, Liquefaction of, 486. 


\ 


Panchromatic plates, 646. 

Parabolic mirror, 563.. 

Pendulums, Compensated, 328. 
Forced vibration of, 714. 

Periscope, 616. 

Persistence of vision, 640. 

Personal equation, 689. 

Phon, The, 6728. 

Phonograph, 764. 

Phosphorescence, 645. 

Phosphoroscope, Becquerel’s, 645. 

Photographs, Colour, 641. 

Photography, 646. 

Photometer, Grease-spot, 547. 
Lummer-Brodhun, 547. 
Shadow, 546. 

Photometers, 546-548. 

Photosphere, 644. 

Pigments, 640. \ 


Pinhole camera, 540. 


Pipe, Closed, 745. 
Conical, 751. 
End correction of, 750. 
Flue, 761. 
Modes of vibration in closed, 745, 746. 
Modes of vibration in open, 748. 
Organ, 663, 761-764. 
Reed, 762. 
Reflection at open end of, 746-748, 
Pipes, 743-753, 761-764. 
Tuning of, 763. 
Pitch, and frequency, 669. 
Change of, 703. 
Effect of wind on, 703. 
of high note, by interference, 709- 
T: 
Standards of, 720. 
Plates, Vibration of, 739. 
Polarimeter, 652. 
Polarimetry, 648-654. 
Polarisation, (light), 648. 
Plane of, 650. 
Rotation of plane of, 651, 652. 
Specific rotation in, 652. 
Polarised light, Plane, 648. 
Porous, diaphragms, 487. 
plugs, Expansion through, 487. 
Power gas, 361. 
Practical illumination, 549. 
Presbyopia, 608. 
Pressure, and temperature of gas, 406, 
and volume of gas, 396. 
coefficient of gas, 407. 
gauge, M‘Leod’s, 435. 
gauges, 394-396. 
lines of a gas, Constant, 405. 
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Pressure, Units of gaseous, 390, 391. 
of the atmosphere, 390. 

Prism, Achromatic, 631. 
Analysing, 651. 
Angle of, by spectrometer, 626. 
Constant deviation reflecting, 619. 
Erecting, 605. 
Limiting angles of, 624. 


Minimum deviation in, 623, 624, 


627. 
Nicol’s, 649-651. 
Polarising, 651. 


Prisms, 605, 619, 622-625, 626-632, 


636, 649. 
Projection lantern, 604. 


Propagation of light, in straight lines, 


537. 
Pulfrich refractometer, 582. . 
Pumps, Air-exhausting, 431-435. 
Pure spectrum, 629. 
Pyrometers, 322. 


Quality of musical note, 671, 672, 673. 


Quantity of heat, 343. 


Radiant heat, Inverse square law, 384. 


Reflection of, 383. 
Refraction of, 383. 
Radiating power, Thermal, 385. 
Radiation, of light, 537. 
Laws of thermal, 380, 381, 382-384. 
of heat, 368, 380-388. 


propagated i in straight line, 382, 537, 


538. 
Radiations, Velocity of thermal, 381. 
Rangefinders, 617-619. 
Ray, Extraordinary, 649. 
Ordinary, 649. 
Rays, and beams of light, 538. 
Rectangular hy `erbola, 398. 
Rectilinear propagation of heat, 382. 
propagation of light, 538. 
Reed, Beating, 762. 
Free, 762. 
pipes, 762. 
Reeds, Tuning of, 763. 
Reflection, at open end of pipe, 746. 
by concave surface, 564. 
by convex surface, 564. 
by glass prism, Total, 580. 
Deviation produced by, 558. 
Laws of, 552. 


of compression wave at rigid wall, 


743, 744. 
of heat rays, 383. 
of light, 552-571. 


Reflection, of sound waves, 697. 
of waves in strings, 728-730. 
Total, 580-583. 
Reflectors, Right-angled prisms as. 
583. 
Refraction, at a spherical surface, 588- 
590. 
at two spherical surfaces, 591. 
Atmospheric, 583-585, 701. 
by prism, 623. 
Double, 648, 649. 
in rectangular glass plate, 576. 
Index of, 575, 577, 578, 581. 
of heat rays, 383. 
of light, 574-585. 
of light, Laws of, 574-576. 
of sound waves, 700. 
water to glass, 579. 
Refractive index, for different colours. 
630. 
of a liquid, 627. 
Refractometer, Pulfrich, 582. 
Refrigerator, Bell-Coleman, 440. 
Refrigerators, Coefficient of perform- 
ance, 491. 
Substances used in, 489, 490. 
using vapours, 488-491. 
Regenerator, Stirling’s, 500. 
Resonance, 713. 
Resonators, 716. 
Reynolds experiment on J, 354. 
Rods, Longitudinal vibrations of, 753- 
165. 
Transverse vibrations of, 736. 
Velocity of sound in, 695. 
Romer (velocity of light), 656. 
Rotatory power of quartz, 654. 
Rotation, Specific, 652, 654. 
Rumford’s boring experiment, 352. 


Saccharimeter, 652. 
Saturated vapours, Specific volume of, 
465, 466. 

Saturation, (vapours), 449. 

Scale, Diatonic, 719. 
of equal temperament, 723. 

Scales, Musical, 719. 

Sextant, The, 558. 

Shadows, 538-540. 

Short-sight, 607. 

Signs, Convention of, in mirrors, 567 
in lenses, 595. 

Simple harmonic motion, 664. 

Siren, 670. 
Disc, 669. 

Skating, 444, 
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Solar heat, Utilisation of, 359. 
Solidification, 443. l 
Sonometer, 733. 
Sound, Intensity of, 697. 
Inverse square law, 696. 
Moving source of, 702. 
Reflection of, by curved surface, 698. 
Sensation of, 663. 
Sources of, 663. 
Transmission of, 679. 
Velocity of, 688-696. 
Sound waves, Effect of wind on, 700. 
Refraction of, 700. 
Reflection of, 697. 
Sounding board, 697, 715. 
Speaking tube, 697. 
Specific heat, 344, 346-350, 448. 
by mixtures, 346. 
of gases, 424-426. 
of liquids, 348, 350. 
Specific volume of vapours, 465. : 
Spectra, Absorption, 643. 
Spectrometer, 625. 
Spectroscope, 643. 
Direct vision, 631. 
Spectrum, 628. 
analysis, 642. 
Continuous, 643. 
Heating effects in, 636, 637. 
Infra-red portion of, 636. 
of luminous vapour, 643. 
Photographic effects in, 636, 637. 
Pure and impure, 629. 
Sodium line in, 643, 644. 
Solar, 644. 
_ _Ultra-violet region of, 637. 
Spherical mirrors, 562-571. 
State, Change of, 443, 449. 
Stationary vibrations, 7114, 730. 
Steam, boilers, 502, 516. 
calorimeter, 468. 
engines, 502. 
Properties of, 455, 465, 534. 
Strain, Volumetric, 686. 
Stress duetochangeintemperature,330. 
String, fixed at both ends, 731-733. 
Harmonic wave in, 728. 
Reflection of wave in, 728-730. 
Stationary vibration in, 730. 
Velocity of wave in stretched, 725- 
727. 
Vibration of bowed, 760. 
Wave in, 725. 
Strings, as sources of sound, 725-736, 
759-761. 
Sound produced by, 725. 


Stroboscopie method of determining 
frequency, 738. 
Sublimation, 474. 


| Summation tones, 712. 


Supersonic waves, 711. 
Surveying telescope, 613. 


Tables, see p. xi. 


| Telescope, Annallatic, 613. 


Astronomical, 612. 
Galilean, 615. 
Surveying, 613. 
Terrestrial, 614. 
Temperament, 722. 
Scale of equal, 723. 
Temperature, 313, 369. 
Absolute, 401, 497. 
Scales of, 315, 402, 497. 
Temperatures, Conversion of, 315. 
Measurement of high, 321. 
Thermal equilibrium, 369. 
Thermal transmitting power, 387. 
Thermodynamics, First law of, 355. 
Second law of, 497. 
Thermo-electric couples, 322. 
Thermometer, Weight, 337. 
Thermometers, Air, 408-410. 
Alcohol, 319. 
Clinical, 319. 
Errors of, 316-319. 
Fixed points of, 314. 
Maximum and minimum, 320. 
Mercurial, 313. 
Precautions in using, 321. 
Proportions of, 319. 
Sensitive, 320. 
Thermopile, 381. 
Thermos flask, 386. 
Thermoscope, Ether, 381. 
Thermoscopes, 322. 
Tone, Difference, 712. 
Summation, 712. 
Tones, Combination, 712. 
Tonic, 722. 
Total reflection, 580. 
Transference of heat, 367. 
Translucence, 541. 
Transmission of sound, 679. 
Transparence, 541. 
Transverse waves, 679. 
Tubes, Velocity of sound in, 689. 
Tuning-fork, 663, 707. 
Absolute pitch of, 735. bs 
Adjustment of pitch of, 737- 
Electrically-driven, 737. 
Interference in, 707. 
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Tuning-forks, Frequency of, 665-667. 
Turbines, Steam, 515, 516. 
j 
Vapour, 390, 485. 
and gas, Mixture of, 459. 
density, 461-465. 


Formation of, at constant pressure, 


482. 
pressure, Maximum, 450-453. 
Saturated, 450. 
Superheated, 450. 

Yapours, 390, 449-470, 482-486. 
Internal energy of, 482. 
Practical expansion and compres- 

sion of, 482-486. 

Velocity, Mean square, 419. + 

Velocity of light, 656- 660. 
Bradley, 657. 

Cornu, 658. 
Fizeau, 657, 658. 
Foucault, 659. 
Michelson, 660. 
Römer, 656. 

Velocity of sound, 688-696. 
Adiabatic correction for, 692. 
by calculation, 690-693. 
by dust figures, 755. 
by gun, 688. 
by resonance, 752. 

Effect of pressure on, 693. 
Effect of temperature on, 693. 
Effect of wind on, 688. 

in air, 688. 

in gases, 694, 755. 

in rods, 695, 753. 

in tubes, 689. 

in water, 695. 

Ventilation, 474. 

Vibration, Amplitude of, 664. 
Energy of, 671, 672. 

Forced, 714. 

Frequency of, 664. 

in pipes, 743. 

in strings, stationary, 730. 
of different phase, 674, 675. 
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| Vibration, of plates, 739. 


of rods, Longitudinal, 753. 

of rods, Transverse, 736. 

Simple harmonic, 664. 
Vibrations, compounding of, 673. 
Violin, 759. 
Virtual image, 567, 594, 596. 
Visibility of transparent bodies, 579. 
Vision, 542. 

Defects of, 607-609. 

Persistence of, 640. 

Theory of colour, 638. 
Volcanic heat, Utilisation of, 359. 


Water, Density of, 339. 
equivalent, 345. 

Wave, Curve for compression, 686. 
equation ofsimple harmonic, 681,682. 
motion, 679. 

Representation of longitudinal, 685. 
velocity and velocity of particle, 
- 680. 
velocity in string, 725-727. 
Velocity of sound, 688. 
Wave-length, frequency, velocity, 680. 
Waves, Combination of two harmonic, 
673. 
in stretched strings, 725. 
in strings, Harmonic, 728. 
Longitudinal, 680, 682, 687. 
Supersonic, 711. 
Transverse, 679. 


: Weight thermometer, 337. 


Wet and dry bulb hygrometer, 478. 
Wind, Effect of, 688, 700, 702. 
Wind instruments, 761. 
Winds, 377. 
Work, Diagrams of, 510. 

done by a gas, 422-426. 


Young-Helmholtz theory, 638. 
Zero, of temperature, Absolute, 402, 


421, 498. 
state, Thermal, 483. 
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